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ABSTRACT 
 The ability to grow ultrathin films layer-by-layer with well-defined epitaxial 
relationships has allowed research groups worldwide to grow a range of artificial films 
and superlattices, first for semiconductors, and now with oxides. In the oxides thin film 
research community, there have been concerted efforts recently to develop a number of 
epitaxial oxide systems grown on single crystal oxide substrates that display a wide 
variety of novel interfacial functionality, such as enhanced ferromagnetic ordering, 
increased charge carrier density, increased optical absorption, etc, at interfaces. The 
magnitude of these novel properties is dependent upon the structure of thin films, 
especially interface sharpness, intermixing, defects, and strain, layering sequence in the 
case of superlattices and the density of interfaces relative to the film thicknesses. To 
understand the relationship between the interfacial thin film oxide atomic structure and its 
properties, atomic scale characterization is required.  
 Transmission electron microscopy (TEM) offers the ability to study interfaces of 
films at high resolution. Scanning transmission electron microscopy (STEM) allows for 
real space imaging of materials with directly interpretable atomic number contrast. 
Electron energy loss spectroscopy (EELS), together with STEM, can probe the local 
chemical composition as well as local electronic states of transition metals and oxygen. 
Both techniques have been significantly improved by aberration correctors, which reduce 
the probe size to 1 Å, or less. Aberration correctors have thus made it possible to resolve 
individual atomic columns, and possibly probe the electronic structure at atomic scales. 
Separately, using electron probe forming lenses, structural information such as the crystal 
structure, strain, lattice mismatches, and superlattice ordering can be measured by 
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nanoarea electron diffraction (NED). The combination of STEM, EELS, and NED 
techniques allows us to gain a fundamental understanding of the properties of oxide 
superlattices and ultrathin films and their relationship with the corresponding atomic and 
electronic structure. 
 In this dissertation, I use the aforementioned electron microscopy techniques to 
investigate several oxide superlattice and ultrathin film systems. The major findings are 
summarized below. These results were obtained with stringent specimen preparation 
methods that I developed for high resolution studies, which are described in Chapter 2. 
The essential materials background and description of electron microscopy techniques are 
given in Chapter 1 and 2.  
 In a LaMnO3-SrMnO3 superlattice, we demonstrate the interface of LaMnO3-
SrMnO3 is sharper than the SrMnO3-LaMnO3 interface. Extra spectral weights in EELS 
are confined to the sharp interface, whereas at the rougher interface, the extra states are 
either not present or are not confined to the interface. Both the structural and electronic 
asymmetries correspond to asymmetric magnetic ordering at low temperature.  
 In a short period LaMnO3-SrTiO3 superlattice for optical applications, we 
discovered a modified band structure in SrTiO3 ultrathin films relative to thick films and 
a SrTiO3 substrate, due to charge leakage from LaMnO3 in SrTiO3. This was measured by 
chemical shifts of the Ti L and O K edges using atomic scale EELS. 
 The interfacial sharpness of LaAlO3 films grown on SrTiO3 was investigated by 
the STEM/EELS technique together with electron diffraction. This interface, when 
prepared under specific conditions, is conductive with high carrier mobility. Several 
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suggestions for the conductive interface have been proposed, including a polar 
catastrophe model, where a large built-in electric field in LaAlO3 films results in electron 
charge transfer into the SrTiO3 substrate. Other suggested possibilities include oxygen 
vacancies at the interface and/or oxygen vacancies in the substrate. The abruptness of the 
interface as well as extent of intermixing has not been thoroughly investigated at high 
resolution, even though this can strongly influence the electrical transport properties. We 
found clear evidence for cation intermixing through the LaAlO3-SrTiO3 interface with 
high spatial resolution EELS and STEM, which contributes to the conduction at the 
interface. We also found structural defects, such as misfit dislocations, which leads to 
increased intermixing over coherent interfaces. 
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CHAPTER 1 
INTRODUCTION 
 
 This chapter introduces the motivation for studying the electronic and atomic 
structure of oxide films and superlattices. The chapter is organized into three sections. 
The first section introduces the broad motivation for growing and characterizing oxide 
materials. The second section summarizes the past experimental studies of the oxide 
materials investigated in this thesis and the motivations for using electron microscopy to 
investigate oxide thin films and superlattices. The third section discusses the implications 
of using atomic resolution scanning transmission electron microscopy and electron 
energy loss spectroscopy to study oxide superlattices and thin films. 
1.1 Background 
 Perovskite oxide materials have attracted a great deal of interest due to the wide 
range of interesting properties such as ferromagnetism, ferroelectricity, piezoelectrics, 
colossal magnetoresistance, metal to insulator transitions, superconductivity, and many 
other properties applications [1-5]. The perovskite crystal structure can accommodate a 
large number of different cations on the corner A-sites and center B-sites and the corner 
shared oxygen octahedral network can strain or distort to accommodate a range of 
different sized cations [6]. Figure 1.1 shows a structural diagram of a cubic perovskite 
unit cell. Large cations such as La or Sr sit on the A-sites and smaller cations such as Ti 
or Mn sit on the B-sites. Oxygen atoms sit on the face centers. The tolerance factor 
defined by the bond length ratio of AO and BO (Equation 1) is a useful number to 
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describe the stability of the perovskite structure [5]. The ideal perovskite has a tolerance 
factor of 1.0 if the ratio of ionic radius of A-O is the square root of two times larger than 
the ionic radius of B-O.  
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Figure 1.1: Structure of the perovskite unit cell. Large cations such as La or Sr sit on the 
A site corners. The smaller cation such as Ti or Mn sits on the center B site. Oxygen 
atoms sit on the face centers. 
 
 Although the tolerance factor is defined based on the ionic radius, it is generally 
useful to describe the stability in both ionic and partially ionic perovskites. It was found 
that most cubic perovskites have a tolerance factor between 0.89 and 1.00 [7], while 
perovskite-type compounds were found with 0.80 <  < 1.10 [8] [7]. Some minerals such 
as CaTiO3 transform from cubic to orthorhombic by a cooperative tilting or rotating of 
the b-centered octahedral [9] [10] shown schematically in Figure 1.2. This cooperative 
octahedral tilting has an important influence on physical properties such as electrical 
3 
conductivity, magnetic, and dielectric properties, and metal to insulator transitions [9]. 
When grown as multilayer thin films or superlattices, as shown in Figure 1.3, the atomic 
bonds at the interface often distort to fit coherently despite the lattice mismatch between 
different perovskite films, or in some cases form defects such as misfit dislocations in the 
interface. In thin films, strain can be induced by differences in lattice parameters, thermal 
expansion coefficients among films and substrates, and by defects [6]. In coherent 
superlattices free of dislocations, large misfit strain is expected, which can lead to new or 
enhanced physical properties. A key example is superlattices of BaTiO3 and SrTiO3. In 
coherent superlattices of BaTiO3 and SrTiO3, the misfit strain is expected to be greater 
than 2% [11]. This large strain is expected to increase the spontaneous polarization above 
the value in bulk materials [11]. By carefully controlling stoichiometry, film thickness, 
strain, and oxygen content, one can engineer new properties at the interfaces of oxide 
films and form new materials that are not available in bulk form or by conventional solid-
state synthesis [11]. In another key example, researchers have shown that the interface of 
insulating LaAlO3 and SrTiO3 can be highly conductive and even superconducting if the 
samples are grown by pulsed laser deposition (PLD) and the O2 partial pressure during 
growth is held below 10-5 Torr [4]. The understanding of the properties of this system is 
currently being explored by research groups around the world. Another interesting system 
is the superlattice of LaMnO3 and SrMnO3 films. Both materials in bulk form are 
antiferromagnetic insulators. When these materials are grown as a superlattice, the 
material becomes conducting and in-plane ferromagnetic ordering is observed [2, 3]. This 
ferromagnetic ordering is confined to LaMnO3, but can be enhanced at particular 
interfaces [12]. The applications of oxide superlattices include dielectric materials, 
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ferromagnetic materials, superconductors, optical absorbers, and others. The magnitude 
of the measured properties depends on many factors such as oxygen concentration, strain, 
interfacial roughness, defects, film thickness, charge leakage, charge polarity, substrate 
type, substrate termination, and growth conditions. Often the growth conditions for a 
given system are critical to obtaining desired properties. The growth quality can be 
monitored in-situ with reflection high energy electron diffraction (RHEED) oscillations, 
but these readings are not sensitive to small defects. Ex-situ characterization such as x-
ray reflectivity (XRR) and x-ray diffraction (XRD) can yield important structural 
characterization information. However, as the thin films are scaled down to the several 
nm or even sub-nm scale, the interface properties become very important. Therefore, 
characterization that can probe individual interfaces is critical to understanding the 
transport and other measured properties. 
 
Figure 1.2: As the tolerance factor deviates from 1.0, crystal lattice may distort to 
tetragonal or othorhombic. The oxygen octahedral can tilt or rotate about the b center 
atoms to accommodate strain. 
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Figure 1.3: Schematic diagram of a superlattice of LaMnO3-SrMnO3 grown on a TiO2 
terminated SrTiO3 substrate viewed from the <100> direction. The oxygen atoms are not 
shown for clarity. 
 
1.2 Materials of Interest 
 The materials investigated in this thesis include LaMnO3-SrMnO3 (LMO-SMO), 
LaMnO3-SrTiO3 (LMO-STO), SrVO3-SrTiO3 (SVO-STO), and LaAlO3-SrTiO3 (LAO-
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STO). Table 1.1 lists the tolerance factor for the individual films investigated in this 
thesis. The first three materials were grown by MBE while LAO-STO was grown by 
PLD. LMO-SMO was studied for enhancement of ferromagnetic ordering at the 
interfaces [2, 3, 12]. Studies have shown that both alloys and superlattices of LMO and 
SMO can be ferromagnetic in particular stoichiometries [2, 3, 12]. For (LMO)2n-(SMO)n 
superlattices, it has been shown that the system can exhibit a metal to insulator transition 
that is highly dependent on the value of n. Charge leakage has been suggested as a 
possible cause for metallic behavior in LMO-SMO and electronically similar LaTiO3-
SrTiO3 superlattices [13-15]. The charge leakage could be realized by extra electrons or 
holes sitting on Mn sites, since Mn can take multiple valences, or on O sites. Past 
electron microscopy studies did not detect significant changes in Mn valence in the LMO 
and SMO films, or at the interfaces [16, 17]. However, recent studies by resonant soft x-
ray absorption spectroscopy have shown interface confinement of extra states above the 
Fermi level at one of the interfaces [18]. With the recent installment of aberration 
corrected microscopes with increased spatial resolution, increased mechanical and 
electrical stability, larger probe currents, and better energy resolution, the possibility to 
detect small changes in atomic and electronic structure is increased. The potential to map 
electronic states in real space and at atomic resolution can greatly increase the knowledge 
of physics at the interfaces. 
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Table 1.1: Tolerance factor of materials studied in this thesis. 
Film  
SrTiO3 0.910 
SrMnO3 0.945 
LaMnO3 0.855 
LaAlO3 0.889 
SrVO3 0.921 
LaNiO3 0.869 
 
  LMO-STO is a superlattice system receiving attention because a new optical 
transition arises when an electron from LMO is transferred to an unoccupied band in STO 
[19]. In (LMO)n-(STO)n superlattices, the magnitude and frequency of light absorption is 
dependent on n [19]. For the thinnest n values, light absorption is increased [19]. 
Additionally, the interfaces of LMO and STO will contain ultrathin films of Sr(1-
x)LaxTiO3, which was shown to be a conducting and even superconducting [20] [21], and 
La(1-x)SrxMnO3, which is ferromagnetic as described above.  Built-in electric fields and 
charge leakage are expected to play a role in the enhanced optical absorption, especially 
in short period superlattices.  
 The interface of LAO grown on STO was studied for its unexpected high 
conductivity between two oxide insulators [4]. LAO-STO  has been studied worldwide 
by a number of groups and there is not yet a consensus on the reason for its high 
conductivity and mobility. Charge transfer from LaO layers into the first neutral TiO2 
layer was suggested as a reason behind high conductivity and mobility [4]. However 
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several groups concluded that the amount of charge transfer is small compared to the 
measured number of charge carriers [4]. Some groups have found oxygen vacancies in 
the STO substrate or at the film interface and have reported this to be a key reason for 
high conductivity [22-27]. Other groups have determined the thickness of the LAO films 
are critical to the conductivity due to a polar catastrophe by increasing film thickness [28-
30]. Furthermore, the charge transfer model assumes a sharp interface, which may or may 
not be the case in grown samples [31]. Further investigation on the interface sharpness by 
high resolution imaging and chemical analysis is critical to understanding the physics 
behind high conductivity.  
 Short period superlattices of LMO-STO, LAO-STO, and SVO-STO were studied 
for measuring the EELS resolution and scattering physics of inelastically scattered 
electrons. The spatial resolution of EELS had been predicted in theory by Egerton before 
an aberration corrected STEM was available [32, 33]. In this thesis, we experimentally 
measure the spatial resolution of EELS with the above samples and compare it to 
theoretical models. 
1.3 Characterization 
 X-ray diffraction (XRD) and electron diffraction are complementary techniques 
used to determine lattice constants, strain, and crystal structure. XRD probes over several 
tens of microns of a sample and is not sensitive to small amounts of defects, while 
magnetic and electrical transport are highly sensitive to defects and interface sharpness. 
Parallel electron diffraction samples over several tens to hundreds of nm, and can be 
sensitive to individual defects and extended defects such as stacking faults and 
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dislocations. However, neither XRD nor parallel beam electron diffraction can provide 
direct image information such as individual interfacial atomic columns. Direct, or real 
space atomic resolution characterization is essential to measure film quality, interfacial 
sharpness, and extent of defects, especially when the films of interest are only a few nm 
in thickness or thinner. Of the possible characterization techniques, the ones which can 
image at atomic resolution include atom probe tomography, scanning tunneling 
microscopy, atomic force microscopy, and scanning transmission electron microscopy 
(STEM). Atom probe tomography and scanning tunneling microscopy cannot be used for 
most oxide specimens due to the requirement for conducting specimens. Atomic force 
microscopy is useful to image the top plane of the specimen. The sample requirements 
for cross sectional specimens, however, require an atomically flat surface, and there is not 
yet a reliable method applicable to all thin films for preparation of atomically flat cross 
sectional samples (Chemical etching can be used for a few materials such as Si/SiO2 and 
SrTiO3 but not for multilayer samples). STEM, however, probes the bulk of thin 
specimens, and is not strongly sensitive to the top surface of samples. It has been shown 
in the literature that cross sectional specimens can be thinned to electron transparency (< 
100 nm) with only a few nm or less of surface damage by polishing and ion milling [34, 
35].  For atomic resolution imaging and electron energy loss spectroscopy (EELS), the 
specimen requirements are stricter – the specimen must be considerably thinner. These 
requirements can be met with careful specimen preparation, and STEM coupled with 
EELS is becoming increasingly popular to study oxide superlattices.  
 The developments of transmission electron microscope (TEM) hardware have 
improved dramatically in the past 15 years. While spherical aberrations were known to 
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limit the ultimate resolution of the TEM [36], instabilities often limited the resolution 
limit. Some of these issues were improved in the late 1990s by field emission 
microscopes, such as the JEOL JEM2010F. Researchers published a few groundbreaking 
publications, particularly in the oxides and semiconductor communities, that 
demonstrated atomic resolution imaging by scanning transmission electron microscopy 
(STEM) and atomic scale elemental analysis by electron energy loss spectroscopy 
(EELS) was becoming a reality. Pennycook et al. demonstrated some of the first atomic 
resolution images in the STEM [37]. Muller et al. demonstrated atomic resolution images 
of perovskite oxides and Si-based semiconductors, and atomic scale valence mapping of 
Ti [38] [20]. Verbeeck et al showed high spatial resolution EELS of O K edges on a 
LaMnO3-SrMnO3 superlattice [16]. These groups demonstrated that atomic resolution 
electron microscopy could be performed on perovskite oxide multilayers and was critical 
for understanding the transport, magnetic properties, and other important properties. 
Muller in particular demonstrated why such atomic resolution microscopy was difficult in 
practice, due to instabilities in the microscope and room environment [38, 39]. These 
instabilities would become even more important for later aberration corrected 
microscopes, which are taller and more susceptible to the room environment than the 
previous generation of high resolution electron microscopes. The room environment 
requirements by both the manufacturers and facilities was subsequently improved for 
newer, state of the art aberration corrected microscopes in the early to mid 2000s, where 
many research groups in the oxides and thin film community began to increase the use of  
characterization with STEM. Krivanek and Haider both designed and built aberration 
correctors, which improved the STEM resolution from a few Å to sub-Å [40-43]. This 
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allows for routine atomic resolution imaging, if the specimen is well-prepared and thin. 
This was a dramatic improvement, as many crystalline materials have atoms separated by 
~1 Å or greater, which means that atomic resolution STEM imaging can be extended to 
many materials. In this thesis, we apply state of the art aberration corrected STEM 
imaging and EELS to solve interfacial atomic and electronic structures in several oxide 
superlattice systems. We show these techniques reveal interfacial atomic, electronic, and 
chemical structure that is of great importance to the understanding of physical properties 
of a material. The results reveal interfacial information that can only be obtained with the 
fine and intense 1 Å probe from an aberration corrected STEM. The mapping of 
electronics states with atomic scale EELS lays the framework for obtaining high spatial 
resolution EELS near edge structures at interfaces. 
1.4 Summary 
 In this chapter, we have discussed the motivation to investigate perovskite oxide 
superlattices and ultrathin films with atomic resolution electron imaging and 
spectroscopy. We have discussed the key techniques involved. Chapter 2 details the 
experimental techniques used in these investigations. Chapters 3-7 discuss in detail our 
studies of the perovskite systems. In chapter 8, we measure the spatial resolution of EELS 
using short period oxide superlattices, which has not been previously reported in a 
comprehensive study. In Chapter 9, the future directions are proposed for electron 
microscopy studies. 
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CHAPTER 2 
EXPERIMENTAL METHODS 
 
 This chapter describes the experimental methods used in this thesis for studying 
oxide materials. An introduction to electron microscopy methods, sample growth, and 
sample preparation applied to this research is presented here. After this, image and 
spectroscopic data processing used throughout the manuscript is presented. 
2.1 Scanning Transmission Electron Microscopy 
2.1.1 Image Formation  
Transmission electron microscopy (TEM) has become an important 
characterization tool for research in materials science, physics, chemistry, and biology [1-
5]. In conventional TEM and high resolution transmission electron microscopy 
(HRTEM), a parallel beam of electrons accelerated to several hundred kV is directed onto 
an electron transparent specimen. Generally, specimens must be thin (a few 100 nm) to 
be useful for electron microscopy and thinner than 50 nm for high resolution studies. In 
TEM, one can use the following signals for imaging: The transmitted electrons, Bragg 
scattered (elastic) electrons, high angle scattered electrons, low angle inelastically 
scattered electrons, x-rays, or back scattered electrons. Typically the transmitted and 
elastically scattered electrons are collected for image formation in conventional TEM. 
There are several methods for image formation, but for high resolution studies (atomic 
resolution), the available techniques are high resolution transmission electron microscopy 
(HRTEM) and scanning transmission electron microscopy (STEM). In HRTEM, the 
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transmitted beam and diffracted beams are brought together using a magnetic lens and 
interfere. The image contrast is complicated by contrast reversals due to spherical 
aberration and focus, and  contrast delocalization from focus for most samples [1, 6, 7]. 
Annular dark field (ADF) STEM on the other hand, collects only the scattered electrons 
at a high cutoff angle and produces images within an angular range with contrast that is 
directly interpretable without simulation [6, 7]. 
In STEM, one uses a convergent and focused electron beam with a diameter of a 
few Å to raster across an area of the sample. Figure 2.1 shows a schematic diagram of a 
field emission STEM. The pre-specimen lenses focus the beam into a fine probe with a 
small convergence angle of ~10 mrad. The transmitted electrons are collected onto a 
bright field (BF) detector or an annular dark field (ADF) detector. The signal collected by 
the BF detector is comprised of the unscattered electrons and some of the low angle 
inelastically scattered electrons. The dark field detector can collect both the coherently 
and incoherently scattered electrons, based on the excitations of post specimen lenses. 
The range of 50-300 mrad scattered electrons are dominated by the incoherently scattered 
electrons, and the magnitude of scattering is proportional to the power of the average 
atomic number of the scanned area (2 in the single atomic limit). This method is referred 
to as high angle annular dark field (HAADF) or Z-contrast STEM. The advantage of 
HAADF STEM technique is that the image contrast depends on atomic number and is 
directly interpretable without requiring image simulation under the optimum conditions. 
Unlike HRTEM, the HAADF contrast does not change significantly with focus [8] or 
specimen thickness [6]; the image simply sharpens and blurs as the focus is changed from 
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in focus to out of focus, and is visually analogous to focusing  in a scanning electron 
microscope. Therefore, the best focus condition can easily be achieved by adjusting the 
focus until the image is sharpest at the specimen edges or as the atomic columns are 
sharpest. The image quality of HAADF STEM can reach atomic resolution in field 
emission STEMs and newer aberration corrected STEMs, where the probe size is ~2 Å 
and ~1 Å, respectively. Additionally, the precise control of the finely focused beam 
allows for simultaneous spectroscopy in local regions with energy dispersive 
spectroscopy (EDS) and electron energy loss spectroscopy (EELS). The disadvantage of 
HAADF STEM compared to TEM, is that good image quality requires an extremely 
stable environmental around the microscope column in order to obtain images without 
severe distortions. Small building vibrations and stray magnetic fields lead to distortions 
in images, as images are rastered and take approximately 30 seconds to acquire [9]. 
Contamination either originating from the specimen, holder, or microscope vacuum will 
accumulate in piles on the specimen, which degrades the resolution and contrast of 
images, the contrast of diffraction patterns, and quality of spectroscopic data [10]. 
Another disadvantage of HAADF STEM is that light atomic columns such as oxygen 
scatter too weakly to be detected compared to heavier atomic columns. 
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Figure 2.1: Schematic diagram of a STEM and post-screen energy filter.  The pre-
specimen lenses focus the beam on the specimen. The post specimen optics are used the 
angle of scattered electrons to collect on the ADF detector and EELS spectrometer. 
 
2.1.2 Limits to Resolution 
The resolution of STEM is defined by the smallest distance between two objects 
that can be resolved. This resolution is typically measured by the Rayleigh criterion on 
samples with small atomic spacing, such as <110> Si, where two atomic columns are 
separated by 1.36 Å (dumbbells). The resolution of a convention STEM with round 
magnetic lenses is limited by spherical aberrations, chromatic aberrations, and 
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environmental stability. Assuming an environment which does not limit the STEM 
resolution, the practical limit is spherical aberrations.  
  Spherical aberrations reduce the focal length of electrons travelling near the edges 
of the lens and cause a range of focal planes in the back focal point of the lens [1, 11], 
shown in Figure 2.2. The result of spherical aberrations is that point objects are imaged as 
disks. 
 
Figure 2.2: Spherical aberration causes off axis electrons to be focused at a different focal 
plane than on axis electrons. 
A condenser aperture is used to limit the convergence angle to reduce the focus 
spread from spherical aberration. This aperture must not be too small or the resolution 
will be limited by diffraction from the aperture. Additionally, a small underfocus can also 
improve the probe size. This underfocus value is close to the Scherzer defocus value for 
HRTEM [12]. For a 200 kV microscope with a Cs of 1.0 mm, the optimum probe forming 
21 
 
aperture of ~10 mrad and a defocus of 50 nm given by Equation 1 yields a minimum 
probe size of 1.5 Å given by Equation 2 [13, 14].  
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Chromatic aberrations and the microscope environment set the information limit 
of the microscope. Chromatic aberrations are due to source electrons which have a finite 
energy spread, instabilities in lens currents, and transmitted energy loss electrons, which 
focus at a different plane than other electrons. Chromatic aberrations cause a point to be 
imaged as a disk. The chromatic aberration for TEM is defined by Equation 3, and is 
similar for STEM. 
β
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2 E
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=  [3] 
Cc is the chromatic aberration coefficient in mm (typically 1 – 2 mm), E is the energy 
loss of electrons, E0 is the primary beam voltage, and  is the semi-collection angle of the 
objective lens. Chromatic aberrations do not limit the resolution if we can thin a sample 
below 50 nm, which can be routinely achieved with effort for cross sectional oxide 
specimens, and if we use a field emission electron source. The wavelength of electrons is 
given by Equation 4, 
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where h is Plank’s constant, m0 is the rest mass of an electron, e is the charge per 
electron, V is the acceleration voltage, and c is the speed of light. Most microscopes have  
acceleration voltages of 100 kV, 200 kV, or 300 kV, and the respective wavelengths of 
the electron at these voltages are 3.7 pm, 2.5 pm, and 2.0 pm. 
 The probe current in a conventional STEM is ~7 - 15 pA using the conditions for 
the highest resolution [15]. For this probe current, a typical atomic scale image with 512 
x 512 pixels takes ~15 - 30 seconds to acquire. Although Si dumbbells separated by 1.36 
Å can be resolved in some cases[12], the typical STEM resolution is at best 2 – 3 Å, due 
to stage drift, high voltage stability, and room environmental factors such as magnetic 
fields, room vibrations, and temperature variations. For perovskite oxides, the A-site 
atomic columns separated by 3.9 Å is clearly resolved, while the A to B site spacing of 
2.76 Å is normally difficult to resolve. Figure 2.3 shows a structural layout of a SrTiO3-
SrMnO3-LaMnO3 superlattices and an example of the best STEM resolution achieved on 
the 197 kV JEOL JEM2010F at the University of Illinois at Urbana-Champaign in 2006  
[16]. The 2.76 Å A to B site spacing is only weakly observed in a few unit cells in the 
SrTiO3 films. When performing EELS or EDS in the STEM, the probe current must be 
increased for high signal to noise. In an uncorrected STEM, the only option to perform 
these spectroscopic techniques is to enlarge the probe size, and thus sacrifice spatial 
resolution. Figure 2.3 also shows a STEM image acquired with a larger probe current for 
EELS. The STEM and EELS spatial resolution here is limited by the probe size, as the A 
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to A site resolution is now blurred compared to Figure 2.3b. The motivation for 
aberration correction, is thus, to obtain an atomically sharp probe size of ~1 Å with 
enough probe current of ~30 pA – 1000 pA for atomic scale spectroscopy. 
 
Figure 2.3: (a) A structural model for a SrTiO3-SrMnO3-LaMnO3 superlattice. (b) A high 
resolution STEM image acquired in a JEOL JEM2010F operating at 197 kV. The A to be 
site spacing is only resolved in the upper SrTiO3 film. (c) STEM image acquired with a 
larger probe current for EELS. The resolution is poorer than the image in (b). Images 
from Ref. [16]. 
2.1.3 Aberration Correction 
In the previous section, the resolution of a STEM and probe current for atomic 
scale EELS was limited by spherical aberration. It was first shown by Scherzer in 1936 
that spherical aberration in  a microscope with cylindrically symmetric lenses is positive. 
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In 1947, Scherzer proposed a design for an aberration corrector which could correct for 
spherical and chromatic aberrations by using a combination of octupoles, cylindrical, and 
round lenses, which add negative spherical aberration [17]. Scherzer’s graduate student 
Seeliger built the corrector starting in 1948 and proved the spherical aberration could be 
made negative[17]. However, mechanical and electrical instabilities limited the 
information limit and no gain in resolution was realized. The addition of several 
significant parasitic aberrations of non-spherically symmetrical lenses led to additional 
complexities even if spherical aberration could be eliminated. Several attempts at 
building spherical aberration correctors for both TEMs and STEMs failed due 
complexities in aligning multiple additional lenses without computer control, the lack of 
stable power supplies, environmental instabilities, and shortages in funding [18, 19]. 
Rose proposed an aberration corrector with a series of quadrupole and octupole elements 
in 1971 [17]. The electrical stability would not be realized for more than two decades 
[17]. In 1995, Haider et al. designed the first successful aberration corrector for a 
scanning electron microscope based on Rose’s design [19]. The corrector required 
extremely stable power supplies, powerful computing power, and semi-automatic 
software algorithms. For the TEM, Rose proposed in 1981 an aberration corrector based 
on two sextupoles and a series of round lenses which correct for spherical aberration and 
all lower order parasitic aberrations [17]. The advantage of the corrector over previous 
quadrupole corrector designs was the hexapole fields required a stability of 10 ppm, 
which was two orders of magnitude less than quadrupole designs [17]. In 1994, Haider 
and colleagues demonstrated a proof of principle hexapole lens spherical aberration 
corrector for TEM imaging, and in 1997, Kabius demonstrated real improvement in 
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HRTEM resolution, as resolution on GaAs images was enhanced from 2.4 Å to 1.2 Å 
[19, 20]. At the same time period, Krivanek et al. designed the first probe forming 
aberration corrector for a 100 kV dedicated STEM in 1997 [21]. This aberration corrector 
used a combination of quadrupoles and octupoles to correct for 3rd order spherical 
aberrations, and all other necessary low order aberrations and was controlled by iterative 
computer software. The aberration corrector improved the resolution of a cold field 
emission STEM from ~2 Å to ~1 Å.  The aberration corrector allowed for a twofold 
increase in the optimum convergence angle and the probe current was increased by 
approximately 10 times. In 2002, the CEOS company sent the first commercial TEM 
aberration corrector to a commercial microscope manufacturer [22]. Haider et al. also 
adopted a similar hexapole-based design for a STEM corrector from 2001 to 2003 [22]. 
The STEM corrector was able to achieve better than 1 Å resolution in field emission 
microscopes. Both Krivanek’s and Haider’s correctors became commercially available 
and are currently equipped inside several microscope platforms. Microscopes with either 
corrector are routinely achieving ~1 Å resolution. Krivanek et al. further advanced their 
commercial aberration corrector by adding additional lenses to correct for 5th order 
aberrations, which primarily increased the probe current in a 100 kV cold FEG dedicated 
STEM by allowing for larger convergence angles [23]. This is primarily useful for 
analytic experiments involving EELS and EDS at atomic scales. Advanced 4th and 5th 
order aberration dodecapole-based correctors from Haider and Sawada were tested in the 
TEAM and CREST microscopes, and achieved 0.5 Å STEM resolution at 300 kV [24, 
25]. The significance of all of these aberration corrected microscopes for oxides is the 
routine achievement of ~1 Å resolution, which is sufficient to resolve all metal cation 
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atomic columns in the perovskite cubic crystal structure.  More importantly, the increased 
stability and probe current of these aberration corrected microscopes over past 
uncorrected models greatly aids in the acquisition of high-quality, atomically sharp 
STEM images and high signal to noise analytic signals. Evidence is presented in Figure 
2.4a, which shows a large field of view STEM image of a 6 x 6 LaMnO3-SrMnO3 
superlattice grown on SrTiO3. Figure 2.4b is a cropped portion of Figure 2.4a, which 
shows a high quality STEM image displaying all metal cations. The entire image in 
Figure 2.4a is atomically sharp like Figure 2.4b, and such atomic resolution images can 
be acquired over a large and representative region, which is desirable over a series of 
smaller field of view images. 
 
Figure 2.4: (a) Low magnification HAADF STEM image of a 6 x 6 LaMnO3-SrMnO3 
superlattice acquired with an aberration corrected STEM. The inset marks a magnified 
version of same image in (b), where individual atomic columns are observed. The entire 
image in (a) is of this atomic resolution. 
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2.1.4 Probe Formation in the Aberration Corrected STEM and Limitations 
 An understanding of the STEM electron probe is necessary to analyze the data 
from experiments. Since most experiments in this thesis were performed with Haider’s 
hexapole aberration corrector, we will describe the probe formation for such microscopes 
limited by 5th order spherical aberrations and chromatic aberration [26]. The wave 
function of the probe is the convolution of the effective source with the lens transfer 
function and aperture function, shown in Equation 5.  
)*(Pr nctionApertureFunctionTransferFuSourceobe ⊗=ψψ  [5] 
The effective source is the image of the field emission tip after demagnification with the 
condenser lenses. The transfer function is a function of the phase, give by Equation 6. 
χienctionTransferFu −=  [6] 
The phase is defined by the real part of the of the phase shift and can be described by the 
primary aberrations. 
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Where  is the complex coordinates in the aperture plane and is given by Equation 8. 
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Where  is the electron wavelength, and kX and kY are the electron wave vector 
components, and kX0 and kY0, are the center of the incident beam. C3 and C5 are the 
spherical aberrations of 3rd and 5th order, A1, A2,… A5 are astigmatism, B2 and B4 are 
coma of 2nd and 4th order, D4 and D5 are three and four lobe aberration, S3 and S5 are two-
fold and four-fold star aberration. C1 is nominally the defocus, although we also include 
the effects of chromatic aberrations and energy spread in Equation 9. 
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The aperture function selects the maximum convergence angle and is given by Equation 
10. 
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 The probe intensity is obtained from the wave function as 
2),,(),,( EyxEyxI ψ=  [11], 
Where E is the electron energy. The finite energy spread can be estimated by a Gaussian 
function: 
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where  is the standard deviation of the energy distribution, and can be computed from 
Equation 13. 
2ln8
FWHMEΔ=σ  [13], 
where EFWHM is full width at half maximum of the measured energy distribution from 
the zero loss peak in EELS (See Section 2.2). The probe intensity is the integral of the 
electron probe intensity over the electron energies: 
= dEdE
EdPEyxIyxI )(),,(),(  [14]. 
In microscopes with 3rd or 4th order hexapole aberration correctors, the limiting 
aberrations are C5, CC, and E as well as environmental instabilities, if all of the low 
order aberrations are minimized by tuning the aberration corrector. C5 is usually ~ 5 mm 
in most modern STEMs with an aberration corrector and a 2 mm objective lens gap, Cc is 
~1.7 mm, and E is ~ 0.8 eV for a Schottky emitter. At 200 kV, the ultimate resolution 
possible is ~0.8 Å with an optimum aperture limiting the semi-convergence angle to 25 
mrad (See Figure 4 in Ref. [26]). In practice, high order aberrations such as B4, C5, and 
A5 are difficult to measure with high precision and difficult to tune, and/or the 
appropriate stigmators are not adjustable [26]. The resolution is approximately 59% of 
the FHWM of the probe diameter. Typically, a resolution of 1.0 Å can be met in 200 kV 
commercial aberration corrected STEMs. 
 One complication that exists with aberration corrected STEM is the 2-3X larger 
convergence angle compared to an uncorrected STEM, which has an optimum 
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convergence angle of ~10-12 mrad. Larger convergence angles can lead to probe 
spreading in crystalline specimens [27]. An estimate for the minimum thickness where 
probe spreading onto the neighboring atomic column will occur is given by Equation 15 
[27]. 
α2~max
coldt   [15],   
where dcol is the distance between neighboring columns and  is the semi-convergence 
angle. For perovskites, the cation to oxygen column distances are ~0.2 nm. For the 
optimum convergence angle of 25 mrad in 200 kV microscopes, the tmax is 4 nm. 
Krivanek reports that the thickness limit can likely be doubled if the probe is focused at 
the center of the sample rather than the entrance surface [27]. Even so, the probe 
spreading onto nearby columns in typical samples is an issue which makes image and 
spectroscopic interpretation more complicated. 
2.2 Electron Energy Loss Spectroscopy 
EELS measures the energy lost by primary beam electrons to inelastically scattered 
events in the sample. Most of the inelastically scattered electrons are scattered in small 
angles and contribute to the background signal. The probability of random inelastic 
scattering decreases with energy loss, and contributes to a downward sloped background 
in EELS. Some of the primary beam electrons, however, transfer characteristic energy 
values to electrons in the sample. These characteristic energy transfers are in the form of 
plasmon losses, inter-band transitions, intra-band transitions, and inner shell ionizations 
[1]. Plasmon losses are longitudinal wave-like oscillations of weakly bound electrons, 
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and are typically 5 – 25 eV energy loss. Plasmon losses are strong in metals that have 
many free electrons, but occur in all materials [1]. At higher energy losses, primary beam 
electrons can transfer momentum to excite core electrons to inter-band transitions and 
inner shell ionizations. Band transitions have energy loss values up to ~25 eV [1]. Losses 
greater than 50 eV result in inelastic interactions with core shell electrons. Both inter-
band and inner shell ionizations are characteristic of the composition and electronic 
structure of materials on a local scale. The high loss spectrum above 50 eV contains 
excitations of inner and core shell electrons to higher unoccupied states. These are 
characteristic to the element and in many cases contain bonding information in the energy 
loss near edge structure (ELNES) [1]. Figure 2.5 displays the EELS features in the low 
loss and core loss spectra. 
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Figure 2.5: Examples of EELS spectra from SrTiO3. a) The zero loss peak is the strongest 
feature in the EELS spectrum. The plasmon peaks and low loss edges are considerably 
weaker. b) Core loss edges of Ti L2,3 at ~460 eV and O K at ~530 eV. 
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2.2.1 Comparison of Analytic Techniques in the TEM 
 
Since the ionization energies are characteristic, EELS can be used for composition 
analysis. The EELS scattering cross section decreases with energy loss, and is very low 
above 1000 eV. Therefore most EELS studies are performed in the range of 0 eV to 1000 
eV, are most useful for elements with atomic numbers lower than 30, although certain 
elements such as La have strong cross sections for outer ionization shells. A comparison 
EELS vs EDS shows EELS has better energy resolution of < 1 eV compared to EDS 
energy resolution of  > 100 eV. [1] Thus many peaks in EDS overlap due to limited 
energy resolution. EELS can be performed on smaller specimen areas than EDS due to 
not requiring an interaction volume. Additionally, the collection efficiency of EELS can 
approach 100% due to the forward scattering nature of EELS signals, while the collection 
efficiency of EDS is < 20% of emitted x-rays due to the position in the objective lens. 
However, the disadvantage of EELS compared to EDS is the strict requirement for thin 
specimens. For EDS, one typically performs the spectroscopy on thick portions of the 
sample. Additionally, the EDS detector can collect a large range of x-rays simultaneously 
while EELS is limited to a few hundred eV due to the number of channels on the CCD 
and correctable aberrations in energy dispersion. The scattering cross section for x-rays 
favors heavy elements, making EDS and EELS complementary for heavy and light 
elements, respectively. 
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2.2.2 Energy Dispersion, Spectrometers, and Energy Resolution 
Energy dispersion is obtained by deflecting the TEM/STEM beams by a magnetic 
prism in a post-column spectrometer or by a sector magnet in an in-column omega filter. 
Post column spectrometers are manufactured by Gatan Inc (Pleasanton, CA) and the 
common models are the Gatan Image Filter (GIF) and Gatan Enfina. The former can 
energy filter plasmon losses out from images and perform energy loss spectroscopy, 
while the latter is only for energy loss spectroscopy. In a post column spectrometer, the 
prism bends the TEM/STEM beam through a magnetic prism shown in Figure 2.1, and 
disperses the beam according to energy loss. The beam is bent by 90° and sent through a 
combination of magnetic quadrupoles, sextupoles, octupoles, decapoles, and/or 
dodecapoles to correct for spectrum aberrations up to fifth order. The spectrum is 
recorded onto a slow scan CCD. The omega filter is commercially available in both 
uncorrected and aberration corrected version, from JEOL Ltd. and Carl Zeiss SMT, Inc, 
respectively.  The energy spectrum does not suffer from third and higher order 
aberrations. The advantage of the post-column filter is faster readout achieved by 
correcting for spectrum rotations with respect to the CCD readout ports, adaptability to 
all microscopes, and it adds no height to the column (except for dedicated STEMs). The 
advantage of an omega filter is the large collection angle available for spectroscopy and 
imaging modes, due to the position of the filter between the intermediate and projection 
lenses in the microscope, and inherently more stable alignment due to the use of 
electrostatic lenses rather than magnetic lenses. However, the omega filter extends the 
height of the microscope column, which makes the microscope more susceptible to 
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mechanical vibrations. Therefore a microscope with an omega filter requires a strict room 
environment for high resolution studies. 
2.2.3 Sample Requirements for EELS 
 
It is critical to increase the probability for characteristic energy transfers rather 
than random inelastic losses. The quality of EELS is determined by the signal to 
background ratio, referred to as the jump ratio, the signal to noise ratio, the energy 
resolution, and the minimization of contamination within the microscope. The jump ratio 
is optimized by choosing thin areas of the sample that are less effected by multiple 
scattering, typically less than 0.5 inelastic mean free paths, and by reducing the thickness 
of amorphous layers on both sides of the sample due to ion milling. The mean free path 
can be increased by choosing a high acceleration voltage such as 200 kV or 300 kV, but 
knock on damage for most oxides is increased, and cross section for inelastic scattering is 
decreased (See Ch.7 for details). Therefore, preparing thin and high quality specimens is 
critical in achieving high quality EELS. The signal to noise ratio is determined by the 
quality of the EELS detector, the electron dose, the dispersion setting, the microscope, 
and the resistance of the specimen to electron beam induced damage. The signal to noise 
ratio can be optimized by choosing large enough dwell times (a few seconds per spectrum 
if possible), by choosing a detector with a high detector quantum efficiency through the 
choice of CCD and scintillator, and by performing a gain normalization to reduce 
individual pixel sensitivity variations. The energy resolution is limited by the source 
electron energy spread, energy dispersion, and environmental and electronic stability. For 
Schottky field emission electron microscopes, the energy resolution is about 0.8 eV or 
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better, making EELS extremely powerful for electronic structure determination. A cold 
field emission microscope can reach ~0.3 eV energy resolution with a higher beam 
brightness, but the beam current is often not stable for longer periods of time. Finally, the 
sample and microscope must be free of contamination, which is typically caused by 
hydrocarbons cracking under the electron beam and being attracted to the focused 
electron probe. The specimen, and sample holder should be plasma cleaned or baked to 
remove contamination. The microscope column should also be baked periodically, if 
possible. All of these factors make EELS collection a challenging tool, and one that is 
sensitive to many conditions at the microscope [1], especially when performing the 
technique at atomic resolution, where environmental disturbances can severely degrade 
data quality.  
2.2.4 Thickness Determination 
To probe the local electronic structure at different probe positions by EELS, the 
sample thickness must be relatively constant. In thick samples, electron multiple 
scattering may cause thickness-dependent intensity variations in the core loss edge 
intensity [28]. EELS can be used to determine the thickness of a sample to ~20% 
accuracy [29]. One can acquire low loss EELS, including zero loss, line scans taken 
through the specimen to determine if there are significant thickness changes across the 
specimen. The method is based on the ratio of the areas under the zero loss peak to the 
low-loss spectrum. The thickness of the sample in mean free paths can be calculated by 
Equation 16, 
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where F is a relativistic correction factor given by Equation 18. 
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 E0 is the primary beam acceleration voltage, Em is the average energy loss in a materials 
and give by  7.6Z0.36,  is the semi-collection angle in mrad, and the effective atomic 
number Zeff is defined by Equation 19, 
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where r is taken as 0.3 and the films are assumed to be fully oxidized.  
2.3 Nanoarea Electron Diffraction 
Both x-ray diffraction and electron diffraction reveal the structural crystallographic 
information of a sample. X-ray diffraction using both tabletop and synchrotron sources 
sample over large areas, typically microns or larger in size. Electron diffraction has the 
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ability to select considerably smaller areas. Selected area electron diffraction (SAED) has 
been traditionally applied for materials in the TEM. In SAED, a large area of the 
specimen is illuminated by a parallel electron beam, and a post specimen aperture at the 
image plane is used to select the area of the specimen contributing to the diffraction 
intensity. Due to spherical aberrations in the objective lens, the aperture cannot precisely 
select the area of the specimen shown on the screen. For superlattices and other 
nanomaterials, where the dimensions are significantly smaller than 1 µm, the imprecision 
in SAED is too large to be neglected. Therefore, probe forming diffraction techniques 
that do not rely on alignments of a post-specimen aperture are preferred. In this thesis, all 
diffraction data is presented from the nanoarea electron diffraction method (NED). In 
NED, a small probe is imaged on the front focal plane of the upper objective lens and is 
made parallel onto the specimen. The probe size in the JEOL JEM2010F can reach ~50 
nm with a divergence angle of 0.05 mrad [30, 31]. This allows the majority of the 
electron probe to be placed on the films and a smaller fraction on the substrate, if one is 
careful. The probe size is determined by the demagnification of the condenser lens, 
condenser aperture, condenser spot size, and selected probe convergence. In this thesis, 
all electron diffraction patterns are acquired in the NED mode with a probe size of 50 – 
80 nm and an acceleration voltage of 197 kV. The NED patterns are recorded onto 
imaging plates. To calibrate the reflection spacing, and to measure the effect of 
aberrations caused by barrel, distortion, and post-specimen astigmatism, diffraction 
patterns of oxide films are calibrated with the underlying SrTiO3 substrate. Strain 
measurements are precise to ± 0.005 Å. 
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2.4 Growth of Oxide Films and Superlattices 
The films in this thesis are grown by molecular beam epitaxy (MBE) or pulsed 
laser deposition (PLD) by several research groups. In MBE, elemental metals are 
evaporated in individual solid source effusion cells, which have their own shutters. The 
metallic vapor beams are directed towards a heated substrate, and combined with a gas 
source, such as O2 or O3. MBE is typically carried out in ultra high vacuum base 
pressures, in order to minimize the contribution of foreign species or contaminants. The 
quality of film growth is monitored in real time by reflection high energy electron 
diffraction (RHEED). Several groups have grown epitaxial films on <100> SrTiO3, and 
demonstrated atomically sharp films and interfaces with atomic resolution STEM. The 
main difference between PLD and MBE is the effusion cells are replaced by targets in 
which a laser is pointed toward a target to sputter off material. The targets can be 
elemental or compounds. The base pressure in PLD can be ultrahigh vacuum, although 
the advantage of PLD over MBE is the vacuum system need not be as sophisticated. We 
have collaborated with the Bhattarcharya, Eckstein, Chambers, Mannhart, Hwang groups 
to investigate their samples in this thesis. 
2.5 Specimen Preparation for High Resolution Electron Microscopy 
In this section, the procedures used to prepare cross sectional specimens for STEM, 
EELS, and NED studies are discussed briefly. Detailed step-by-step procedures are 
presented in Appendix 1. 
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2.5.1 Sample Preparation 
The wafers are first cleaned in acetone and ethyl alcohol. The wafers are then cut 
into small slices with a low speed diamond saw, and each slice is cured for several hours 
to a thin microscope cover slip glass using Vishay M-bond 610 or Allied High-Tech 
Epoxybond 110 epoxy. Adequate pressure must be applied to the wafer-glass sandwich to 
force the epoxy layer to be thinner than 1 um. After curing, if the epoxy is too thick or air 
bubbles are observed, a new slice must be made. The slice is cut into smaller pieces, such 
that the size is approximately 2 x 2 x 1 mm. The sample is then polished from 2 sides 
such that the surface roughness is below 1 um with an Allied High Tech Multiprep (A 
tripod could also be used here). The sample is then wedge polished at 1° until the tip of 
the sample is approximately 10 – 15 um thin. The sample is then intentionally scratched 
with a 3 um grit size diamond lapping film to create fine surface scratches. During the ion 
milling process, the surface scratches promote the formation of typically 5 – 10 thin 
regions, instead of only ~2 thin regions in a uniformly polished specimen. After 
scratching the surface, the sample is cured onto a 3 mm molybdenum slot grid (Structure 
Probe Inc. #4260M) with an epoxy and ion milled in a Gatan Precision Ion Polishing 
System (PIPS). The standard procedures for the PIPS suggest using ~80-90% of the 
maximum gun current (At 4.0 kV, this is ~ 35-40 uA). The samples presented here are 
typically ion milled at 15-20 uA to broaden the beam and reduce the specimen heating. 
The ion guns are set to an 8° angle from above and below the specimen. After the 
specimen is electron transparent, it is fine polished at 2.0 kV for 20 minutes to reduce the 
surface layer damage. After ion milling, the specimen and TEM holder is plasma cleaned 
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for ~1 minute prior to loading the holder into the microscope, to reduce hydrocarbon 
contaminants. 
2.6 Image and Spectroscopy Data Processing 
In this section, the standard data processing for EELS spectra, STEM images, and NED 
patterns used throughout the thesis is discussed. 
2.6.1 Background Subtraction and Normalization 
All EELS spectra presented in this thesis are from specimens with a mean free path of 
~0.5 or less. Even though the specimen thickness is below a single mean free path, a 
portion of the probe electrons scatter multiple times in the specimen. To obtain the partial 
ionization cross section from the EELS spectrum, a background removal method is 
applied to all spectra. In the literature, a power law is typically applied, although linear or 
exponential laws may also be performed. In this thesis, unless otherwise mentioned, all 
EELS spectra except for the zero loss spectra are background subtracted with a power 
law. We performed the background subtraction using the Gatan Digital Micrography 
EELS Analysis and Quantitative Electron Diffraction software packages. Additionally, 
some spectrum images are normalized following a core loss post edge. 
2.6.2 Noise Removal 
 The collection of EELS spectra typically are degraded by several artifacts, 
including, gain and dark count variations of individual pixels, readout noise, x-rays 
entering the spectrometer, and low signal to noise for high core loss edges. 
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Experimentally, performing a gain reference, removing dark references, and aligning the 
spectrometer properly will minimize some of the detector artifacts. Nonetheless, for weak 
EELS signals, noise removal algorthims including multivariate spectral analysis (MSA), 
principal component analysis (PCA), or spectrum smoothing may be necessary to observe 
the important features of a spectrum. In the cases where noise removal algorithms were 
applied to spectra, these are explicitly stated. 
2.6.3 Electron Diffraction Pattern Processing 
 The NED patterns presented in this thesis were all recorded onto Fuji image plates 
and read by scanning in a Fuji image plate reader. The sensitivity of the scanned image 
plates depends logarithmically on the electron dose. The NED patterns in this thesis are 
processed by software such that the intensity depends linearly on electron dose. 
2.7 Microscopes Used in this Research 
 In this research, several microscopes were applied to the various materials 
systems.  A JEOL JEM2010F operating at 197 kV with a spherical aberration coefficient 
(Cs) of 1.0 mm was used for STEM, EELS, and NED. The minimum probe size in 
HAADF STEM mode is approximately 3 Å with a convergence angle of ~10 mrad and 
the energy resolution is 1.5 to 2.0 eV. The energy filter is a Gatan Imaging Filter (GIF) 
model 2001. The parallel probe size in NED mode was typically 50 – 80 nm and 
diffraction patterns were recorded onto Fuji imaging plates. The primary advantage of 
this microscope is relatively small probe size and extremely parallel probe (<0.05 mrad) 
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for nanoarea diffraction. STEM and EELS was used initially on this microscope before 
the JEOL JEM2200FS was installed at the University of Illinois. 
 A JEOL JEM2200FS operating at 200 kV with a 3rd order CEOS probe forming 
aberration corrector was used for atomic resolution HAADF STEM imaging and atomic 
scale EELS. The STEM resolution is 1.04 Å [32] and is limited primarily by chromatic 
aberration (Cc  1.4 mm), energy spread (E  0.8 eV), and room environment 
instabilities (T   1 - 2 °F/hour). The probe current is adjusted by the gun anode 
strength, condenser lens strength, and convergence angle. For the highest resolution 
imaging, a probe current of 15 - 30 pA is typical. For EELS, a larger probe current of  > 
150 pA is selected with a probe size of ~1.2 Å. The energy resolution through the omega-
type energy filter is ~ 1.2 eV under these conditions. The primary advantage of this 
microscope is the high resolution STEM imaging, ease of use, and convenient on-site 
availability. 
 The TEAM 0.5 microscope with a 4th order CEOS probe forming aberration 
corrector was used for high spatial and energy resolution EELS with a low acceleration 
voltage. The STEM resolution at 80 kV is ~1.5 Å (the best resolution achieved is 0.5 Å at 
300 kV in STEM mode [24] and in TEM mode [33, 34]) and the energy resolution 
through the GIF Tridiem ER energy filter is 0.8 eV. The probe current was selected 
between 40 and 200 pA but changing the monochromator strength. The TEAM 0.5 
microscope is currently the highest resolution STEM and TEM (0.5 Å each) at 300 kV in 
the world, due to its advanced 4th order aberration corrector, extremely stable room 
environment, and extremely stable hardware. The advantage of the microscope is high 
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energy resolution EELS at high spatial resolution, low voltage to reduce knock-on 
damage, extremely stable room environment for long acquisition times with reduced 
stage drift.  
 A VG HB501 dedicated STEM operating at 100 kV with a 3rd order Nion probe 
forming aberration corrector was used for high resolution STEM and EELS. The best 
STEM resolution is 1.0 Å, but since there is no Z-height control, the probe is typically 
underfocused or overfocused by several thousand nm. The STEM resolution is typically 
~ 1.2 – 1.5 Å. The microscope used a cold FEG source and the energy resolution 
measured with the Gatan Enfina spectrometer is ~ 0.5 eV. The advantage of this 
microscope is the high resolution EELS and reasonably high resolution STEM imaging. 
2.8 Summary 
 The experimental methods for the preparing TEM specimens and operating the 
electron microscopes experiments are documented. We will use these techniques in the 
following chapter. 
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CHAPTER 3 
ELECTRON ENERGY LOSS SPECTROSCOPY OF A LaMnO3-SrMnO3-SrTiO3 
SUPERLATTICE 
 
 In this chapter, multilayered oxide ultrathin films are investigated by STEM and 
EELS experiments. Atomic scale EELS is demonstrated for the oxygen K edge, showing 
that interfacial electronic structures can be identified with EELS in a STEM. The 
quantification of EELS spatial resolution is discussed for a conventional field emission 
STEM without aberration correction. The spatial resolution of EELS is shown to be 
limited by the probe size and probe current in conventional STEM. This chapter provides 
the motivation for investigating such samples with aberration corrected STEM. This work 
was previously published in Ref. [1]. 
3.1  Introduction 
Perovskites grown on single crystal <100> SrTiO3 substrates have attracted 
considerable interest since the corner-linked octahedral network structure of perovskites 
can accommodate a large amount of lattice strain during epitaxial growth. Several groups 
have been successful in growing high-quality, lattice-matched thin films without 
significant misfit dislocations. Bulk transition metal perovskites exhibit a range of 
important physical properties from insulating to conducting transport including high 
temperature superconductivity, ferromagnetism and ferroelectricity [2-4]. Past studies 
have shown that large changes in properties of transition metal oxides can be induced 
with small changes in hole/electron concentration and external factor such as an electric 
and magnetic fields [5-7]. By combining different perovskites in an epitaxial superlattice, 
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it is expected that alternating lattice matched perovskite superlattices can result in 
unexpected electronic properties. For example, Okamoto et al. found that in a film 
consisting of SrTiO3 and LaTiO3 layers, leakage of charge at an interface of two 
insulators can lead to reconstruction and metallic behavior [8]. In a superlattice, the 
electronic properties will depend on the thickness of the layers. In SrTiO3-LaTiO3 
superlattices, the center Ti ion does not exhibit bulk electronic properties when the 
number of LaTiO3 unit cells is less than 5 [9].  
The motivation to study a complex heterostructure of LaMnO3 (LMO), SrMnO3 
(SMO), and SrTiO3 (STO) thin films is to investigate the quality of synthesis, interfacial 
electronic structures, and the resolution limits of STEM and EELS. The grown 
superlattice contains multiple films with thickness of 1 to 4 atomic layers each, and was 
grown by atomic layer-by-layer molecular beam epitaxy (ALMBE). The bulk lattice 
constants for bulk STO, LMO, and SMO are 3.91, 3.95, and 3.81 Å respectively [9, 10]. 
Epitaxial, lattice matched films of LMO, SMO, and STO can be formed without misfit 
dislocations from one layer to the next [11]. Nanoarea electron diffraction (NED), 
scanning transmission electron microscopy (STEM) and electron energy-loss 
spectroscopy (EELS) were used to investigate the interfaces. NED shows superlattice 
reflections from a small region and allows us to determine epitaxial strain and the average 
repeat distance of the superlattice. Core loss EELS is used to reveal information about 
ionization of cations, especially O and Mn ions, and provides a fingerprint of electronic 
structure at the interfaces. The LMO-SMO layers are grown with insulating STO films on 
both sides. This special architecture allows us to study the Mn states in these superlattices 
50 
 
as a function of film thickness, which are critical to the electronic and magnetic 
properties of manganite films [11-14].  
3.2 Experiment 
3.2.1 Growth 
Films of SrTiO3 (STO), SrMnO3 (SMO), SrTi0.9Mn0.1O3 (STMO), and LaMnO3 
(LMO) were grown as a multilayer superlattice on a <100> SrTiO3 substrate. The 
superlattice is shown in Figure 3.1. The films are deposited by molecular beam epitaxy 
(MBE). Prior to growth, the (100) SrTiO3 substrate was cleaned in 10:1 diluted HCl. The 
MBE base pressure is 5 x 10-9 Torr. The deposition is performed in a pure ozone 
environment with 2 x 10-6 Torr pressure. The elemental sources are effusion cells. The 
atomic beam fluxes are measured by atomic absorption spectroscopy or using a quartz 
crystal microbalancer depending on element. The absolute accuracy was calibrated by 
Rutherford backscattering spectroscopy. The films are grown a single atomic layer at a 
time at a temperature of 700 °C. Reflection high energy electron diffraction (RHEED) is 
used to monitor the growth. After each atomic layer is grown, the shutters to the effusion 
cells are closed and the sample is annealed for 1 minute. 
Cross sectional samples for electron microscopy were prepared according to the 
procedures in Ch. 2. NED, STEM, and EELS were performed on a JEOL 2010F TEM 
operating with an acceleration voltage of 197 kV and with a spherical aberration 
coefficient (CS) of 1.0 mm. STEM images were acquired with a transmitted electron 
imaging (TEI) annular dark field (ADF) detector and EELS spectra were acquired with a 
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Gatan Image Filter model 2001. The EELS dispersion was selected at 0.49 eV/channel 
for a range of ~500 eV. 
NED patterns were obtained with a probe size of 40 nm. STEM/EELS data was 
collected with a probe size of < 1 nm and a half convergence angle of 7.5 mrads.  EELS 
spectra along linescans were integrated for 7 – 8 seconds per point. Core loss energy 
peaks were recorded between ~ 400 – 900 eV. Ti L2,3, O K, Mn L2,3, and La4,5 peaks are 
visible in the EELS spectra. Background subtraction was performed with a power law at 
each of these peaks. The Ti L1 peak is visible in some spectra, but since its energy loss 
value is too close to the O K edge, background subtraction is noisy and unreliable. 
Therefore discussion of Ti is limited to the L2,3 edge. 
3.3 Structural Characterization 
Figure 3.1 shows a recipe for growth and a high resolution Z-contrast STEM 
image of the superlattice. The superlattice is 177 unit cells in thickness (~ 70 nm) and 
comprised of STO, SMO, LMO, and ST0.9M0.10O thin films. The STEM image was 
recorded using a selected probe size of 0.2 nm optimized for STEM image resolution. 
The bright white lines are the LMO films. Growth steps were observed in other parts of 
the sample, but are not displayed here.  Figure 3.2 shows NED patterns taken with a 
probe size of 40 nm of the LMO-SMO-STO region and SMO-STO region. In the first 
diffraction pattern, the probe covers the LMO-SMO-STO region and some of the 
underlying SMO-STO film growth. Sharp superlattice reflections are observed in the 
diffraction pattern. Comparing the position of the superlattice reflections from the line 
profile through the strong 001 spots to the substrate reflections reveals an averaged lattice 
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repeat distance of 6.3 ±  0.2. The repeat comes from three of the four repeat cells, which 
were grown as 6 unit cells and one of the films is grown as 7 unit cells. Similar 
superlattice reflections are observed in a diffraction pattern recorded at the SMO-STO 
region which is closer to the substrate. The repeat distance measured from this diffraction 
pattern is 6.4 ±  0.1. The STO/SMO repeat distance is grown as 6 unit cells for the 
majority of films. In both cases, the measured superlattice repeat is close to the 
experimental growth parameter. Line profiles through the diffraction pattern are shown to 
display higher order reflections. The comparison of the diffraction profile with that of the 
STO substrate shows that the SMO/STO superlattice is contracted normal to the 
substrate; the contraction is measured as 1.6% and 1.0% ± 0.2% using the (003) and 
(004) peaks respectively. Contraction is expected as bulk SMO has a smaller lattice 
parameter than the STO substrate. The LMO-SMO-STO films are less contracted 
compared to STO/SMO; the measured contraction with respect to the substrate is 1.0% 
and 0.9% ± 0.2% using the (003) and (004) peaks respectively. Bulk LMO has a larger 
lattice parameter than bulk STO, however the difference is not as large as that between 
STO and SMO. The contraction is observed here with 5 layers of LMO being grown 
compared to 8 for SMO. The measurement of lattice parameter using the (004) reflection 
is somewhat problematic; the (004) peak observed consists of multiple peaks. The 
dominate peak is used to calculate the lattice parameter. In comparison, the (003) usually 
has only a single peak, which gives more consistent results.  Figure 3.3 shows a dark-
field image recorded using the 020 beam perpendicular to the interface. No misfit 
dislocation was observed at the superlattice/substrate interface. Interestingly, strong 
diffraction contrast is observed in the superlattice, which indicates local changes in 
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diffraction condition due to strain. The change can come from strain relaxation during 
cross sectioning and ion milling or from growth. A comparison with small angle, high 
resolution, X-ray diffraction is needed to distinguish between these two mechanisms.  
 
 
Figure 3.1: (a) The superlattice recipe for growth and high resolution Z-Contrast image of 
the superlattice. All films in the recipe are shown as number of unit cells and are not 
drawn to scale. The areas marked with dashed lines are repeated supercells. Growth steps 
are observed in other parts of the sample but are not shown here. 
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Figure 3.2: Nanoarea electron diffraction patterns from (a) the LMO-SMO-STO region 
and (b) SMO-STO region. (c) and (d) Line profiles of the reflections marked by the 
arrows  in (a) and (b), respectively. For comparison, the line profile of the STO substrate, 
which is used for calibration, is also plotted here. 
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Figure 3.3: A dark field TEM image of the superlattice condition showing strong 
diffraction contrast in the SMO/STO region. The inset is a diffraction showing the 
diffraction condition used for imaging the 020 reflection, with the 004 near the Bragg 
diffraction condition. 
 
3.4 EELS and STEM Probe Size 
Figure 3.4a shows a STEM image and EELS spectrum images of the superlattice 
through the LMO-SMO-STO region. The probe size selected at 0.3 nm in this case was 
optimized to improve the counting statistics for EELS. To determine the actual probe size 
at the specimen, the intensity was integrated from the background subtracted Ti L2,3, Mn 
L2,3, and La M4,5 peaks. These integrated intensities and line profile of the Z-contrast 
image are shown in Figure 3.3b. The length axis for the Z-contrast image is scaled to the 
number of points in the EELS line scan. The second, third, and fourth peaks in the La 
M4,5 spectrum correspond to single unit cells layers of LMO grown and are the basis for 
determining the probe size. There are 5 unit cells of STO/SMO in between the single 
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layer LMO films with a thickness of ~ 20 Å and length of 7 pixels in the line scan. The 
probe size during EELS acquisition was estimated using the STEM intensity profile of  
the single La layer, which can be fitted by a Lorentzian function with a full width at half 
maximum (FWHM) of  5.7±0.8 Å. The EELS spatial resolution is thus limited mostly by 
the probe size in this case. The Lorentzian function has a large tail; experimentally this 
shows up as increased intensity in SMO and STO between LMO layers. The LMO peak 
to background ratio is 1.5 for single layered LMO and 1.6 for double layered LMO. For 
comparison, a line profile of the higher resolution STEM image in Figure 3.1 is shown, 
where a smaller probe size of 0.2 nm was selected in the software controls for higher 
spatial resolution. The region of sample is slightly different from the previous case; 
therefore the smallest feature sizes in each image are used for comparison. The width of 
the LMO peak in this high resolution image is 3 Å, and the peak to background ratio is 
1.8 for single layered LMO and 2.1 for double layered LMO. The tail at 9 Å is slightly 
narrower than the previous case. The spatial resolution is improved, and the contrast is 
higher. 
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Figure 3.4: (a) A Z-contrast image of the superlattice through the LMO – SMO – STO 
films. The inserted EELS spectra are the Ti L2,3, O K, Mn L2,3, and La M4,5. The Oxygen 
K pre-peak is visible in the STO layers. The Oxygen K edge shifts in the different 
perovskite films. (b) Summed intensity from the background subtracted Ti L2,3,  Mn L2,3, 
and La M4,5 peaks and intensity profile of the Z-contrast. For comparison, the intensity 
profile of the higher resolution Z-contrast STEM image in Figure 3.1 is provided. The 
intensity profile of the single LO layer can be fitted using the Lorentzian function, which 
is 5.7±0.8 Å in FWHM. The probe measured here is for EELS acquisition; a smaller 
probe is available for high resolution STEM imaging. 
 
At the top of Figure 3.4a is the SMO/STO films and at the bottom is a STO-
STMO region where Mn doping is estimated at 10%. The middle region with white lines 
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is the LMO/SMO/STO films. The corresponding EELS spectra of the middle region are 
shown. Only part of the line scan is shown here, indicated by the arrow in Figure 3.4a. 
Three O K peaks are visible. According to Verbeeck [15, 16] and Abbate [17], these are 
excitations of the O 1s core states to O 2p states hybridized with Mn 3d, La 5d or Sr 4d, 
and Mn 4sp. The first peak, which is referred as the pre-peak, is attributed to transitions 
between the O 1s core state to the 2p state which is hybridized with Mn 3d orbitals [3, 18, 
19]. de Groot et al. have shown that the pre-peak may consist of several peaks due to 
ligand field and exchange splitting [3, 18]. The second peak, about 5-10 eV above 
threshold, is related to unoccupied O 2p states hybridized with metal 4s and 4p states [3, 
18].  The third region up to 30-50 eV above threshold relate to multiple scattering of the 
excited electron with low kinetic energy [3]. The O K pre-peak is visible in the STO 
films. In the LMO and SMO regions, the O K pre-peak has a significantly lower intensity 
than the first peak. The O K pre-peak is also visible in the spectrum image of the O K 
edge shown in Figure 3.3a. The STO which has been lightly doped with Mn has a lower 
intensity O K pre-peak. 
Figure 3.5b is a closer look at the O K edge in the LMO films. Here we show 
EELS spectra from the double layer LMO region and the single layer LMO region. The O 
pre-peak is suppressed in the double layer of LMO, indicating a decrease of O 2p holes 
hybridized with Mn 3d in the double layer LMO. The O atoms in the MO layer are 
sandwiched between two LO layers in case the double layered LMO, whereas in the 
single layer of LMO, the same O atoms see LO and SO layers on two sides, which has a 
different electronic structure. The second peak in the O K edge of single layer and double 
layer LMO are shifted towards lower energy loss than the same peaks in SMO and STO. 
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We also see the second peak in the double layer LMO is shifted towards lower energy 
loss by ~ 1.5 eV. The decrease of the pre-peak and shift of the second peak from SMO to 
LMO was observed by Verbeeck et al. in a 9 x 4 LMO-SMO superlattice who suggested 
these two trends are correlated [16]. 
 
Figure 3.5: (a) The energy loss spectrum of the O K and Mn2,3 edge from the area 
indicated by the arrow in Figure 3.3(a). The O pre-peak indicated has a greater intensity 
in STO than SMO and LMO. The second O peak shifts in the thicker LMO films. In the 
Mn L2,3 spectrum, there is no peak shift from SMO to LMO films within the detector 
resolution and energy spread. (b) The energy loss spectrum of the O K edge in LMO 
films shows that the oxygen bonding in the single layer of LMO is strongly influenced by 
SMO and STO. 
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The Mn L2,3 edge should allow one to determine the valence of the Mn [11, 20]. 
The L3 and L2 peaks are due to transitions from 2p core states to unoccupied 3d states [3, 
21]. As the formal valence of Mn is increased, the L3 peak tends to shift to higher energy 
[3, 11]. The Mn L2,3 edge in Figure 3.4a shows essentially no peak shift within the 
detectable resolution between the LMO and SMO regions. This is surprising if we 
consider the nominal valences of Mn, which is 3+ in LMO and 4+ in SMO. The lack of 
peak shift was also observed by Verbeeck et al. in thicker LMO-SMO  films. They argue 
that if changes in the O K edges state are seen, the Mn-O bonds have significant covalent 
character. However Kurata et al. observed by EELS that the L3 peak shifts to higher 
energy loss by 1 – 1.5 eV as the valence of the Mn ion is increased from 3+ to 4+ in bulk 
specimens [3, 22, 23]. Cramer et al. observed significant changes in peak shape as well as 
peak shifts of 1 – 2 eV in the L-edge structure in EXAFS spectra of bulk specimens with 
different Mn valence [24]. This peak shift should be visible in EELS if the Mn valence is 
changing since we detected peak shifts in the O K edge of 1 – 1.5 eV over single 
perovskite cell layers. The Mn ion valence appears constant across the SMO-LMO 
interfaces.   The shift of the second O K peak indicates unoccupied states of O hybridized 
with metal 4d and 5d states are changing from LMO to SMO layers. One would expect a 
correlated change in Mn unoccupied 3d states. The depression of the pre-peak of the O K 
edge in the double layered LMO indicates the LMO should have different Mn 3d states 
than SMO. Since we do not observe a peak shift, our films may have similar character to 
Verbeeck’s papers which suggest the valence is not changing and that Mn in the LMO 
and SMO films are partially covalent [15, 16]. 
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The substrate and STO-SMO films are showing in Figure 3.6. Ten unit cells of 
STO film are grown as a buffer layer on top of the substrate, and are assumed to have 
bulk properties. On top of this buffer layer are alternating SMO and STO films (see Fig. 1 
for film growth). In this case, the probe size used for EELS acquisition was increased for 
higher signal to noise ratio. In the O K spectrum shown in Figure 3.6b, SMO films which 
are both 3 and 4 unit cells in thickness show a pre-peak shift of ~ 1 eV in the center of the 
film. At the SMO-STO interfaces, the pre-peak shifts less strongly. This indicates that the 
1s core states of O are different in SMO films than bulk or thin film STO. We also 
observe that the second O peak is slightly rounder in SMO films and more triangular in 
STO films. This change is expected as the metal 4s and 4p states change when moving 
from Ti to Mn oxides. 
 
Figure 3.6: STEM and EELS spectrum images of the superlattice at the substrate and 
STO-SMO films The inserted spectra are the Ti L2,3, O K, and Mn L2,3. The Oxygen K 
pre-edge is visible in the STO layers. The Oxygen K pre-edge shifts in the different 
perovskite films. (b) The energy loss spectrum of the O K and Mn L2,3 edge from the area 
indicated by the arrow in (a). The O K peak is shifted slightly to the right in the SMO 
films compared to the substrate and STO films. 
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In the Ti L2,3 spectrum recorded from  this region, we observe peak shifts at STO-
SMO interfaces. Figure 3.7 shows the Ti L2,3 spectra taken at the STO buffer layer (first 
curve), at the interface of 4 monolayers of SMO sandwiched between the STO buffer 
layer and 4 monolayers of STO film (bold curves), at the interface of 3 monolayers of 
SMO sandwiched between 4 monolayers of STO on both sides (dotted lines), and from a 
STO thin film (bottom curve). The substrate and thin film of STO show a similar Ti L2,3 -
spectrum with no detectable peak shift and a L3-L2 splitting of ~ 5eV. This splitting is 
similar to a 5.5 eV splitting measured by Leapman et al [25]. The Ti spectra at the 
interfaces with SMO show a peak shift of ~ 1eV in the L3 peak. A peak shift has also 
been observed by soft x-ray absorption spectroscopy and EELS in LaTiO3 – SrTiO3 
systems as the Ti valence is changing from 4+ to 3+ [26, 27]. The valence of Mn in bulk 
SMO is 4+, as is the valence of Ti in bulk STO. However, in this case of Ti substituting 
for Mn, there is a peak shift in the Ti L3 edge. Therefore, we believe that the peak shift in 
Ti L2,3 at the STO-SMO interface would be even less if the SMO film was 1 or 2 layers 
thick. This would mean that the Ti valence at the interface can be controlled by changing 
the thickness of SMO. 
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Figure 3.7: The Ti L2,3 peak position shifts at the STO-SMO interface and depends on the 
thickness of SMO. 
 
3.5 Conclusion 
In summary, we have probed the physical structure of a unique epitaxial 
superlattice structure with electron nanodiffraction and the electronic structure of 
interfaces with electron energy loss spectroscopy. We have observed shifts in the O K 
edge of LaMnO3 when the film thickness changes from one to two unit cells and in the O 
K pre-peak in SrMnO3 and SrTiO3 films. Within our instrument resolution, we do not 
observe peak shifts of Mn in LaMnO3 and SrMnO3, indicating that the valence of the Mn 
ion is constant across the interface. We also see that the titanium valence is changing at 
the interface from SrTiO3 to SrMnO3. These results show that EELS can be resolved at 
the individual interface. A smaller probe size and higher energy resolution available in 
aberration corrected microscopes will enhance the ability to resolve composition and 
electronic states on smaller length scales. 
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CHAPTER 4 
PRESENCE OF INTERFACIAL ELECTRONIC STATES IN A LaMnO3-SrMnO3 
SUPERLATTICE 
 
 We report direct evidence of interfacial states at the onset of O K edge confined to 
a spatial distance of 1 unit cell full-width at half maximum at the sharp interfaces 
between epitaxial films of LaMnO3 and SrMnO3 from electron energy loss spectroscopy 
(EELS) measurements. The interfacial states are sensitive to interface sharpness; at rough 
interfaces with interfacial steps of 1 – 2 unit cells in height, experimental data shows a 
reduction, or suppression, of the interfacial states. The EELS measurements were 
performed using a fine electron probe obtained by electron lens aberration correction. By 
scanning the electron probe across the interface, we are able to map the spatial 
distribution of the interfacial states across interfaces at high resolution. 
4.1 Introduction 
 The ability to nucleate new electronic states at coherent interfaces between two 
oxides has generated considerable excitement recently [1-6]. Correlated-electron 
interfaces, like the surface and interface of crystals, have a tendency to reconstruct [3, 7]. 
Interfacial electronic reconstruction was first suggested between the Mott and band 
insulators of LaTiO3 (LTO) and SrTiO3 (STO), which is metallic[1]. The interface 
between LaMnO3 (LMO) and SrMnO3 (SMO) is another system that has shown unique 
electronic and magnetic properties that are attributed to interface electronic 
reconstruction [6, 7]. In bulk form, LMO is a Mott insulator with a 3 12g gt e  configuration 
while SMO is a band insulator with its 3 02g gt e electronic configuration. In the series of 
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(LMO)2n/(SMO)n superlattices, experiments have shown that the proximity to the 
interfaces between LMO and SMO induces a metal-insulator transition highly dependent 
on n; the system is metallic for n  2 and insulating for n ≥ 3 [4, 5]. In both STO/LTO 
and LMO/SMO interfaces, charge leakage on the scale of a few unit cells (u.c.) has been 
suggested as the cause of interfacial electronic reconstruction [3, 7, 8].  In the case of the 
LMO/SMO interface, linear and circular magnetic dichroism in the Mn L2,3 x-ray 
absorption spectra demonstrate in-plane interfacial ferromagnetic order attributed to the 
charge redistribution across interfaces [9]. Charge density calculations indicated that the 
eg level in SMO is not occupied except a narrow region near the interface [9].  Resonant 
Soft X-ray Scattering (RSXS) [10] of a LMO/SMO superlattice revealed extra or 
redistributed states above the Fermi level, which was attributed to the quasiparticle like 
states formed at the interface of Mott and band insulators. Nakao et al. detected a 
difference in Mn scattering at the LMO/SMO interface by studying the energy-
dependence of scattering intensity near Mn K edge [11]. However, these measurements 
do not provide direct information about the location and spatial distribution of the 
interfacial states.  
 To look for evidence of interfacial electronic reconstruction and study its spatial 
distribution at selected interfaces, we have carried out a combined structural and 
spectroscopic study of the (LMO)11.8/(SMO)4.4 superlattice using aberration corrected 
scanning transmission electron microscope (STEM) imaging, electron energy loss 
spectroscopy (EELS) and electron nanodiffraction. The same superlattice was previously 
studied by polarized neutron reflectivity (PNR), which revealed an enhanced, spatially 
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confined (~3 u.c.), ferromagnetic moment at the LMO/SMO interfaces [12]. However, in 
the same superlattice the ferromagnetic moment is suppressed at the SMO/LMO 
interfaces, which had a wavy, stepped structure compared to the smooth, sharp, 
LMO/SMO interfaces. One of motivations of this study is, thus, to map the possible 
difference in the electronic structure at the two different LMO and SMO interfaces. The 
benefits of aberration correction are the small and intense beam, which probes the 
interface with increased resolution and greater signal to noise ratio than the previous 
generation of STEMs [13-16]. Using this, we probed the electronic structure across the 
(LMO)11.8/(SMO)4.4 superlattice by examining the fine structure of O K, Mn L2,3 and La 
M4,5 edges. The EELS study was performed in combination with structural 
characterization using high-angle annular dark field (HAADF) STEM (known as Z-
contrast) imaging and electron diffraction. We show that the interfacial states expected 
from interfacial electronic reconstruction are present at the sharp interface. The interfacial 
states are suppressed at rough interfaces of LMO and SMO.  Furthermore, from EELS 
mapping, we are able to determine the spatial extent of the interfacial states to ~1 unit cell 
at the sharp interface. 
4.2 Experimental 
The LMO and SMO superlattice was grown on a (001) SrTiO3 (STO) substrate (a 
= 3.905 Å) layer by layer at 700 °C by ozone assisted molecular beam epitaxy 
(MBE).[17] Details about the growth can be found in Ref. [10]. The X-ray reflectivity 
data yielded a composition of  (LMO)11.8/(SMO)4.4 for the superlattice.[12] X-ray 
absorption spectroscopy (XAS) was acquired from a piece of the same sample at 
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beamline 4-ID-C of the Advanced Photon Source. The circularly polarized x-rays were 
incident at an angle of approximately 45 degrees from the sample surface. Data was 
acquired simultaneously in the total electron yield (EY) (few nm probing depth) and total 
fluorescence yield (FY) (~50-100 nm probing depth). For the Mn L edge, we present the 
EY data which probes the top LMO/SMO bilayer. Data in the FY mode shows a similar 
result but with poorer signal to noise due to the low fluorescence yield at these energies. 
For reference, a sample of a SrMnO3 film was also grown on SrTiO3 under the same 
conditions as the superlattice.  
The specimen for electron microscopy was prepared by wedge polishing at a 1° 
angle and ion milled in a Gatan model 691 Precision Ion Polishing System for several 
hours at 4.0 kV and fine polished at 2.0 kV for 20 minutes. The specimen was plasma 
cleaned and transferred directly to the microscope for observation. A JEOL JEM 2010F 
operated at 197 kV was used to obtain electron nanodiffraction patterns. High spatial 
resolution EELS in STEM mode was performed on the TEAM 0.5 microscope, which is 
equipped with a model 865 Gatan Image Filter Tridiem ER for EELS.[18] The 
microscope was operated at 80 kV to reduce knock-on damage to the sample. After 
tuning the aberration corrector, the spherical aberration coefficient (Cs) is ~ ±5 um and 
the chromatic aberration coefficient (Cc) is ~2.1 mm. The probe size used for STEM-
EELS is 1.5 Å and the energy resolution for EELS collected with the monochromator set 
to unfiltered mode is 0.8 eV measured by the full width at half maximum of the zero loss 
peak. The spectrum acquisition was set at 0.1 eV/channel dispersion. The Oxygen (O) K 
and Manganese (Mn) L2,3 EELS spectra were background subtracted with a power law 
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fitted using a Simplex optimization routine.  There is a small variation in the dispersion 
of the recorded spectra; the O K edge has a dispersion of 0.1 eV/channel while the Mn L 
edge dispersion is slightly smaller. The Mn L edge dispersion was calibrated with XAS 
spectra recorded at 50 K and EELS spectra acquired in a JEOL JEM2010F microscope 
operated at 197 kV. Lanthanum (La) M4,5 EELS spectra were acquired in separate line 
scans from the O K and Mn L edges, and are background subtracted with a power law 
implemented in the Gatan Digital Micrograph software package. High spatial resolution 
high angle annular dark field (HAADF) STEM imaging was performed on a JEOL 
JEM2200FS operated at 200 kV with a CEOS 3rd order spherical aberration corrected 
probe (Cs  ± 5 um, Cc  1.4 mm [19] ). At the optimum imaging conditions, the STEM 
HAADF resolution is 1 Å [20]. 
4.3 The atomic structure of the superlattice 
The atomic structure of the superlattice is a combination of the atomic structure of 
the constituent La-Mn-O and the Sr-Mn-O layers, their interfaces and the interface with 
the SrTiO3 substrate. The SrTiO3 substrate has a cubic perovskite crystal structure of the 
Pm-3m symmetry with a lattice parameter of a = 3.9051 Å.  In bulk form,  LaMnO3 at 
room temperature has an orthorhombic structure of the Pbmn symmetry with lattice 
parameters of a=5.5367 Å, c=5.7473 Å and b=7.6929 Å [21]. The stochiometric SrMnO3 
has a hexagonal structure with lattice parameters of a=5.449 Å and c=9.078 Å. Negas and 
Roth reported that a perovskite-like, oxygen deficient, phase of SrMnO3-x (with x~0.3) 
can be stabilized at room temperature by quenching from a high temperature of about 
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1400˚C [22]. This anion deficient perovskite phase can be reoxidized at low temperatures 
to give a nearly stochiometric cubic SrMnO3 with a=3.806 Å.  
Figure 4.1 shows an annular dark field STEM image of the superlattice in cross-
section at a medium-high magnification acquired at 80 kV. The SMO layers appear as the 
darker thin films and the LMO layers are the brighter thicker films. In this image, atomic 
columns of Sr, Mn, and La are resolved while O columns are not observed due to weak 
scattering of light atomic columns. The image shows a coherent lattice between the films 
and the substrate. A survey of the films over a larger area revealed no misfit dislocations.  
In all films, the top (away from the substrate) LMO-SMO interface is sharp to a single 
unit cell and the bottom (toward the substrate) SMO-LMO interface is rough to 2-3 unit 
cells. The SMO-LMO interface can be described as a series of flat regions and valleys. A 
thin film of SMO was first grown on the STO substrate. The first LMO film has a sharp 
interface with the underlying SMO film. The roughness at the next SMO and LMO 
interface appears to have developed during growth from surface roughening on the 
growth front of the LMO film. The overlying SMO film fills the valleys and the next 
LMO film grows sharp on top of Sr-Mn-O and this process repeats itself. The 
propagation of the valley through the superlattice occurs approximately at a 30 degree 
angle to the growth direction. Throughout the specimen, the valleys were found repeating 
every 10 – 20 nm horizontally. At a field of view of 50 x 50 nm, typically two valleys are 
seen in each supercell along the width of the image. The last LMO film is grown thinner 
than the underlying films. The surface of this last film was protected by an epoxy during 
sample preparation. The contrast from the STEM image clearly shows the roughness of 
this final film. 
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Figure 4.1: STEM image of the superlattice acquired at 80 kV. The dark films are 
SrMnO3 and the lighter films are LaMnO3. Each LaMnO3 film contains valleys that are 
filled by SrMnO3. The valleys propagate in the LaMnO3 film as growth proceeds. 
 
 To characterize the interfacial roughness, we imaged the superlattice at high 
magnification using atomic resolution HAADF-STEM at 200 kV. The contrast difference 
between La and Sr from the Z-dependence provides a good indication of the interfacial 
roughness. Figure 4.2 shows an example of the high magnification STEM image. We 
took horizontal line profiles parallel to the substrate through the La and Sr atomic 
columns. The intensity in the middle of the LMO film is high, due to the scattering from 
the high-Z La columns. The intensity through the middle of the SMO film is lower. The 
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intensity is fairly uniform with the average peak intensity of the Sr atomic columns at the 
level of about 40% of the average peak intensity of the La atomic columns. The intensity 
at the sharp LMO-SMO interface is about the same as the LMO and uniform, whereas the 
intensity at the rough SMO-LMO interface varies from the low Sr signal to the strong La 
signal. The HAADF signal shows the columns in the middle of this line profile are La 
deficient. SMO fills in the LMO valleys and recovers sharp films. Evidence of film 
sharpness from the La EELS profile is presented in the next section. 
 
Figure 4.2: (a) High magnification STEM image acquired at 200 kV with line profile 
markers. (b) Line profile through the films and interfaces. Note that the line profiles go 
through nearly the entire horizontal of the image. The upper LaMnO3-SrMnO3 interface 
is sharp while the lower SrMnO3-LaMnO3 interface is rough to 1-2 unit cells. The line 
profiles are vertically shifted for clarity. 
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Figure 4.3 shows a diffraction pattern recorded from the superlattice using a 
coherent electron nanoprobe of 80 nm in diameter placed on top of the superlattice and 
the vacuum. The probe has a divergence angle less than 0.05 mrad [23]. A diffraction 
pattern was also recorded from the STO substrate near the superlattice (not shown) and 
used for calibration. The diffraction pattern consists of diffraction spots from the average 
lattice and weak superlattice reflections in the vertical direction. The superlattice is fully 
coherent as evidenced by the matching of the substrate and superlattice diffraction spots 
in the in-plane, (010) direction. We used two different average lattices for indexing the 
diffraction pattern, the lattice of a simple perovskite, which is marked with P, and the 
lattice of orthorhombic LaMnO3, which is marked with O. For the lattice of a simple 
perovskite, we assumed the incident beam is along the a* axis and the c* axis is 
perpendicular to the superlattice (out-of-plane). The sharp diffraction spots along the b* 
axis (in-plane) shows that the superlattice and the substrate lattice are fully coherent. This 
agrees with our STEM imaging results, which show no misfit defects at the superlattice-
substrate interface. Using the calibration of the STO substrate, we measured the average 
c-axis lattice parameter of the superlattice from Figure 4.3. The result is cSL = 
3.873±0.001 Å. Independent X-ray measurements of the same superlattice give a similar 
value of cSL = 3.874±0.003 Å. The c-axis is considerably shorter than the b-axis (3.9051 
Å) parallel to the substrate. The diffraction spots indexed by the simple perovskite lattice 
are the strong reflections shown in Figure 4.3. Between these strong diffraction spots, 
there are another set of weaker diffraction spots. The stronger ones among these weak 
reflections can be indexed based on the orthorhombic lattice of the LaMnO3 with the 
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electron beam along the b* axis. The (100)O and (001)O marked in Figure 4.3 are the two 
fundamental reflections for this orientation. A set of much weaker reflections belonging 
to the [101]O of the orthorhombic lattice can also be seen in the diffraction pattern. These 
results suggest an orthorhombic, distorted, perovskite structure for the relatively thick 
LMO films in the superlattice. This is consistent with the findings of Aruta et al, who 
concluded that LMO films of 10 unit cells or thicker in the superlattice prefer the same 
orbital ordering (distorted perovskite) as thick LMO films grown on STO [24]. 
 
Figure 4.3: (a) Nanoarea electron diffraction pattern of the superlattice shows satellite 
peaks corresponding to a periodic structure. The films in the superlattice are coherently 
strained to the STO substrate. A survey of high resolution STEM images in the sample 
revealed no defects near the substrate-superlattice interface. The weak reflections 
correspond to orthorhombic LaMnO3. (b) Magnified view of the superlattice reflections 
shows a high quality, periodic structure. 
 
77 
 
 
The superlattice reflections between two diffraction spots of the average lattice 
from the box region of Figure 4.3a are shown in Figure 4.3b. The sharp diffraction spots 
indicate a high quality periodic structure. The distance between the superlattice 
reflections is measured at 0.00262 1/Å, corresponding to a real space period of 16.5 times 
the average lattice. The period measured by diffraction is an average of all supercells 
under the electron probe (the full superlattice in this case). The non-integer supercell 
repeat period, thus, is a result of averaging over the imperfect superlattice structure as 
evidenced by Figure 4.1 and 4.2. An examination of Figure 4.1 shows some of the LMO-
SMO layers have a supercell thickness 16 times the average lattice while others are 17 
times. Additionally, the topmost supercell is only 13 layers thick. There is no evidence of 
missing Mn-O, or La-O, or Sr-O planes in high resolution images such as Figure 4.2.  
4.4 Probing the Electronic Structure of the Superlattice 
We use EELS spectra recorded along lines perpendicular to the superlattice and 
the interfaces to characterize their electronic structures. Figure 4.4 shows an example of 
EELS line-scan spectra and corresponding STEM image. The spectra shown in the 3-D 
surface plot correspond to an unprocessed line scan with the energy detection window of 
the EELS spectra centered around the O K edge and Mn L2,3 edge. The surface plot is 
smoothed to show the major changes in the shape of electron energy core losses among 
different layers. The EELS spectra were acquired in 2 Å steps. As the probe moves from 
a LMO layer to a SMO layer, the O K prepeak rises while the second peak shifts towards 
higher energy loss.   The spectra were recorded in a region of relatively uniform sample 
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thickness of ~0.5 mean free paths (MFP) in the four supercells closest to the substrate 
(The average estimated mean free paths of LMO and SMO is 75 nm at 80 kV). To study 
the interfacial electronic structure, we analyzed the core loss EELS fine structure. The 
results of these studies are described below. 
 
Figure 4.4: As-recorded O K edge and Mn L2,3 spectrum images from the line marked in 
the STEM image. The sampling is 1 point per 2 Å and the spectrum images are smoothed 
to display the major edge features. When the electron beams moves from LMO to SMO, 
the O K prepeak rises and the Mn L3 peak maximum shifts towards lower energy loss. 
 
 The Mn L2,3 edge represent transitions from 2p1/2 and 2p3/2 states to  the unfilled 
3d states. Their use for the study of Mn valences are well documented [25-27]. Figure 
4.5b displays the background subtracted Mn L2,3 edges recorded along the downward 
linescan as indicated in Figure 4.5a. The spectra were normalized following the edge 
from 675 to 695 eV. There are a total of 80 spectra in Figure 4.5b with a real space 
sampling of 2 Å between spectrum integration points; they are labeled from spectrum 
number 0 to number 79. The L3 edge in Figure 4.5b shows the most change in fine 
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structure, while the change in the L2 peak, which is weaker, is less obvious. The change 
in the L3 edge fine structure appears as a shift of the L3 peak maximum position, which 
gives the wavy appearance of the L3 edge map as the electron probe scans across the 
superlattice. The change in the L3 fine structure is further examined in Figure 4.5c, which 
plots the L3 edge for spectra number 5 to 20 across the first SMO layer. The spectra 
number 9 to 14 are similar with the peak maximum shifted by ~1.2 eV towards lower 
energy loss; these spectra were recorded with the electron probe inside SMO. However, 
there is no obvious shift in the onset of the L3 edge, which would have indicated a 
valence change.  A strong shift of the L3 onset and peak positions was measured by 
Kurata and Colliex in an EELS study of bulk manganese oxides where Mn ions are  
known to have several valences [25]. However, the strong shift of the L3 maximum was 
not observed in previous work on similar LaMnO3-SrMnO3 superlattice samples [28, 29]. 
Rather a small shape change of the L3 peak was observed. Verbeeck et al. proposed if the 
Mn concentration was constant in their LMO-SMO superlattice, the lack of a chemical 
shift has been suggested to result from either oxygen vacancies in the SMO film or the 
covalent Mn-O bond rather than a purely ionic bond.[28, 30] We also note that the shift 
of the L3 maximum is more abrupt at the sharp interface and gradual at the rough 
interface. This is clear at the interfaces of the first and third SMO films in the spectrum 
image of Figure 4.5. In the second SMO film, the shift is smaller, due to varying interface 
roughness at the interfaces of the three SMO films. In Figure 4.5c, the sharp interface is 
characterized by the abrupt transition from spectrum number 8 to number 9, while the 
rough interface is characterized by an additional interfacial spectrum, number 15, which 
is quite different from the spectrum number 14 from SMO and number 16 (16 is more 
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characteristic of LMO). At the sharp interface, the Mn spectrum is unique from the 
spectra in the middle of the LMO and SMO film. At the rough interface, the Mn spectrum 
is similar to an average of LMO and SMO spectra. The presence of an abrupt shift in the 
maximum of the Mn L edge at the sharp LMO-SMO interface indicates that any change 
in the Mn electronic states from interfacial electronic reconstruction is likely confined to 
1 unit cell.  
 
Figure 4.5: (a) STEM image with an EELS linescan indicated (b) EELS spectrum image 
acquired in 2 Å increments. The Mn L3 edge maximum shifts toward lower energy loss in 
SrMnO3. (c) Individual Mn L3 spectra through the LMO-SMO and SMO-LMO interfaces 
from (b) marked by the white arrow. At the sharp interface, there is an abrupt change in 
the disappearance of the peak marked by arrow from spectrum 8 to 9. Near the rough 
interface, there is a smoother shift towards lower energy loss. (d) STEM image with La 
EELS profile. e) The La M integrated intensity shows the La/Sr intermixing is limited to 
2-3 unit cells at the bottom interface. The upper interface is sharp to a single unit cell. 
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 The interface sharpness is further characterized by EELS line scans of the La M4,5 
edge. Figure 4.5d shows a STEM image and Figure 4.5e show the integrated intensity of 
the La M4,5 edge through the line profile at 60° to the interface. The EELS spectra were 
acquired in ~2.5 Å steps and the integrated intensity in integrated from 832 eV to 854 eV. 
The integrated intensity shows the interfaces are asymmetric with regard to La/Sr 
intermixing. The LMO/SMO interface is sharp to a single unit cell while the SMO/LMO 
interface is rougher to 2 to 3 unit cells. The remaining La signal in the SMO films is from 
the large EELS delocalization tails for the La M4,5 edge. 
 Figure 4.6 shows the Mn L2,3 edge averaged from five EELS spectra in the LMO 
and SMO films. The figure also shows the sum of all EELS spectra in the line scan of 
Figure 4.5 (80 spectra). The L3 edge of the LMO film is peaked at 642.5 eV. A small 
shoulder is visible at ~641 eV.  This was also seen in the XAS of bulk LMO at ~640.5 eV 
[31], which was attributed to multiplets by the spin-orbit splitting of the Mn 2p core hole. 
In the SMO films, the Mn L3 edge peak is characterized by a relatively flat top, which is 
shifted to lower energy loss with respect to the Mn L3 edge of LMO. An XAS spectrum 
of a reference SMO film grown on STO shows several shoulder peaks and a primary 
peak at ~643 eV. The EELS spectrum from the middle of the SMO film in the 
superlattice, in comparison, is narrower and the contribution from the primary peak is 
relatively weak. Both films of LMO and SMO have spectra of Mn L3 edge different from 
the bulk references; this observation is consistent with the findings of previous EELS 
studies[28-30]. A summation of all of the 80 EELS spectra in the linescan of Figure 4.6 
matches well with XAS data of the superlattice, which shows the same shoulder on the L3 
edge. The two methods reveal that the Mn cation has a different electronic configuration 
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in the two films; the Mn configuration in SMO is unique from bulk references without a 
strong splitting of the shoulder and a dominant the L3 peak. Rather the shoulder and main 
peak are of roughly equal intensity and merge as one broader peak. Additionally, the ratio 
of the Mn L3/L2 edge changes little, if at all, anywhere in the superlattice, including the 
interfaces. This can be seen in Figure 4.6, where the Mn L2,3 edge of LMO is plotted on 
top of the SMO as the dashed line.  
 
Figure 4.6: A comparson of Mn L2,3 edge in XAS and the summed intensity of all spectra 
in the EELS linescan marked in Figure 4.5 shows good agreement between the spectra 
other than differences in energy resolution of the techniques. The spectra also verify 
electron beam damage was avoided as the fine structure and ratios of L3 to L2 edges are 
the same. The averaged spectrum from the center of the LMO film does not have a 
shoulder on the L3 edge that bulk LMO samples showed in Ref. [31] Likewise, the 
averaged spectrum from the center of the SMO film does not have two local minimum on 
the L3 edge that a bulk SMO film grown on STO shows. The electronic configuration of 
both LMO and SMO films in the superlattice differs electronically from bulk samples. 
 
 Figure 4.7 shows the O K core loss edge obtained by averaging spectra from the 
center of each of the oxide films and the spectrum averaged for the three sharp and rough 
interfaces as observed in Figure 4.5. The spectra are background subtracted with a power 
law and normalized following the edge from 550 – 610 eV. The continuous lines are 
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smoothed fits to the experimental data. The O K core loss edge contains several peaks 
which represent O 1s transitions to O 2p states hybridized with metal states [30, 31]. The 
first peak, which we refer to as the prepeak centered at ~530 eV, is attributed to O 2p 
unoccupied states hybridized with Mn 3d states. The second peak centered at ~ 535 eV is 
from O 2p unoccupied states hybridized with La 5d or Sr 4d. The prepeak is sensitive to 
changes in oxidation state as seen in bulk Mn oxides [25, 32, 33] and perovskite 
multilayer films [29, 30, 34, 35]. As the probe moves from LMO to SMO, the prepeak 
intensity rises by ~20%.  The second peak develops additional features; overall, the peak 
broadens and shifts towards higher energy loss. The maximum intensity of second peak is 
about twice as intense as the prepeak. This behavior was also observed by Verbeeck et al. 
on LaMnO3-SrMnO3 superlattices [30]. However, in both Verbeeck’s work and the 
results shown here, the height of the prepeak does not rise to the level as measured by 
XAS studies of bulk alloys of LMO and SMO [31],  where the prepeak rises greater than 
second peak as the doping of Sr onto La sites in LaMnO3 exceeds 60 percent. The fine 
structure of the O K edge does not match bulk manganese oxides compounds with 4+ and 
3+ Mn ions from Refs.[25, 26, 36] where the pre-peak is much stronger such that the 
second peak is masked. The EELS shows that the superlattice thin films have fewer 
unoccupied hybridized O 2p states than the bulk oxide materials with the same expected 
valence.  
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Figure 4.7: O K edge spectra from an average of the center spectrum of the LMO film, 
SMO film, (a) sharp interface and (b) rough interface. The prepeak shows the 
hybridization with Mn 3d states is unique in each case. (c) An average of the LMO and 
SMO spectrum is subtracted from the sharp interface spectrum, showing the difference. 
There are extra states at the onset of the edge, which are above the Fermi energy level. 
(d) The same difference method is applied to the rough interface spectrum, where there 
are no extra states at the onset. The O K edge spectrum at the sharp interface is a unique 
electronic configuration. 
 
The interfacial O K spectra are different from the average spectrum from the 
center of SMO and LMO films; they are also different from each other. To compare these 
spectra; we first calculated the difference spectrum according to  
( ) ( ) ( ) ( ), , , , / 2Interface LMO SMOI z E I z E I z E I z E Δ Δ = Δ − Δ + Δ   (1) 
The results are then averaged for the sharp and rough interfaces and plotted in Figure 4.7. 
The fit of the difference spectrum from the sharp interface clearly reveals additional 
spectral weight near the onset of the O K prepeak, from 526 to 531 eV. This additional 
spectral weight is peaked at 528.5 eV. The difference spectrum obtained for the rough 
85 
 
interface are flat near zero near the onset of the O K prepeak. The difference between the 
sharp and rough interfaces are consistent with the PNR result, which revealed an 
enhanced ferromagnetic moment at the sharp LMO/SMO interfaces and reduced 
ferromagnetic moment at the rough interface [4, 12].  
The second peak of the interfacial O K edge follows SMO on the lower energy 
loss side and is in between SMO and LMO on the high energy loss side. This peak has 
been attributed to  hybridizations of O 2p states with Sr 4d in case of SMO or  La 5d 
states in LMO. In bulk La1-xSrxMnO3, this second peak changes shape and shifts towards 
higher energies when x increases from 0 to 0.9 corresponding to increasing replacement 
of La3+ with Sr2+ [31]. These effects are explained by to the gradual crossover from bands 
of La 5d to bands of Sr 4d character in the random alloy of La1-xSrxMnO3. Compared to 
this, especially the XAS spectrum at the composition x = 0.5 that is expected at the 
interface, the features of the second peak for the interfacial O K edge is quite different 
[31];  the similarity with SMO on the lower energy side of the second peak suggests a 
strong Sr character at the interface. 
To examine the spatial distribution of the interfacial states, we extended the 
difference spectrum analysis to all O K EELS spectra of Figure 4.4 to obtain a difference 
map. The as-obtained difference map contains significant noise due to gain variations in 
pixels of the CCD detector. To reduce the noise, we combined 8 pixels along the energy 
loss direction in the difference map into a single pixel, which reduced the energy 
dispersion from the original 0.1 eV/channel to 0.8 eV/channel. The reduced map was then 
smoothed using a 3x3 Gaussian filter in the energy loss and spatial directions. The results 
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are plotted in Figure 4.8b together with the HAADF-STEM image and the map of the Mn 
L3 edge. Four spectral peaks (weights) are identified and labeled as 1-4 in the difference 
map in the energy range between 526.7 eV and 530.3 eV as indicated  by arrows. The 
center of these peaks in the spatial direction coincides with the LMO-SMO interfaces as 
indicated by the white lines and their positions in the background subtracted Mn L3 edge 
map. Figure 4.8d examines the spatial extent of these peaks by plotting the peak intensity 
profile integrated inside a 3.6 eV energy window centered at 528.5 eV. The error bar 
shown in Figure 4.8d was estimated from the background noise before the background 
subtracted O K edge. The four peaks identified in Figure 4.8b and 4.8d are clearly above 
the background noise. By fitting these peaks with a Gaussian peak, we measured the full-
width half-maximum (FWHM) of the extra interfacial states for position 2 and 4 at 3.9 
and 5.2 Å respectively. Therefore, the extent of the interfacial states is spatially confined 
to approximately one unit cell (3.9 Å). 
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Figure 4.8: (a) STEM image with EELS line profile drawn. (b) The difference map of the 
O K edge shows extra spectral weight at the sharp interfaces in the energy range of 526 to 
531 eV. The extra spectral weight is confined to an area of 4.5 Å or approximately 1 unit 
cell. The same positions with the extra spectral weight have a (c) abrupt shift in the 
maximum of the Mn L3 edge. (d) An integrated intensity profile from 526.7 to 530.3 eV 
shows the extra O K spectral weight is above the background noise level.  
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4.5 Discussion 
In the previous section, we have identified an additional spectral weight at the 
onset of the O K edge at the sharp interface between the SMO and LMO films in the 
superlattice. Here we will discuss its significance. The second part of this discussion is on 
the effect of electron beam irradiation, which will be ruled out as a cause of our 
observation.  First, we compare the experimental result of our EELS measurement with 
the RSXS measurement of interfacial states reported by Smadici et al. [10]. The RSXS 
measurement was carried out for the intensity of the superlattice reflection with l=3  for  a 
(LMO)8/(SMO)4 superlattice. 
  Smadici et al. observed a peak by tuning the x-ray energy to 530.2 eV near the O 
K edge close to the Fermi level. The peak intensity increases as the temperature 
decreases. At room temperature, which is the sample temperature for our EELS 
measurement, the peak is weak but observable in the RSXS measurements. The extra 
peak intensity at l=3  for  a (LMO)8/(SMO)4 superlattice suggests the presence of 
interfacial states, thus, a very different interfacial bond or interfacial electronic 
reconstruction. These interfacial states were related to the interfacial magnetization.[7, 9, 
10] The peak intensity measured by RSXS has contributions from all the interfaces in the 
LMO/SMO superlattice. Since the peak is observed near the O K edge, the electronic 
structure difference likely is in the Mn-O bond.   
The extra spectral weight reported by Smadici et al. was also observed by EELS 
at the onset of the O K edge. The measurement was mapped in real space by scanning 
along the direction normal to the interface. Thus, the difference map plotted in Figure 4.8 
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was obtained by Equation 1. The advantage of EELS real spacing mapping is that the 
spatial extent of the interfacial electronic states can be measured directly; this information 
is not available from RSXS. Secondly, the EELS measurement can be performed on 
individual interfaces. The average FWHM from the sharp interfaces of 2 and 4 marked in 
Figure 4.8 is 4.5 Å, about one perovskite unit cell. This number is consistent with 
theoretical results of Nanda and Satpathy, which predicted that the eg electron transfer 
occurs mostly between the two layers adjacent to the interface [7].  
The EELS data show local variations among several supercell interfaces. A large 
difference is observed between the sharp and rough interfaces, as demonstrated in Figure 
4.5 and 4.8, especially the spectral weight attributed to the extra unoccupied states at the 
onset of the O K edge is much larger at the sharp interfaces than the rough interfaces. The 
difference between the rough interface and sharp interfaces is the interfacial flatness; at 
the sharp interface the interface is atomically flat while the rough interface consists of 
interfacial atomic steps over one to two unit cell width. There are two possible causes for 
the lack of, or weak, interfacial states at the rough interfaces. One is that the interfacial 
states are spread over the interface area, which leads to the significantly reduced signals 
that are difficult to detect by EELS. The other possibility is from the effect of strain and 
the difference in strain between the sharp and rough interfaces. All superlattices are 
coherently strained as shown in section 3. At the sharp interface, the LMO is under an in-
plane compressive strain of 2.1% based on the average a and c lattice constants while the 
SMO is under an in-plane tensile strain of 2.5%. Normal to the interface, the LMO and 
SMO layers experience a tensile and a compressive strain respectively. At the rough 
interface, the strain in the normal direction is reduced by the mixing of LMO and SMO 
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unit cells in the same layer. Experimentally, it has been demonstrated that substantial 
change in strain condition can alter the orbital ordering and the dependent interfacial 
electronic structure [9, 37]. Especially, the linear and circular magnetic dichroism study 
of (SMO)n/(LMO)2n superlattices by Aruta et al. show that charge redistribution across 
the strained, sharp, interface favors eg(x2-y2) orbital occupation [24]. The results here 
suggest that the strain normal to the interface also plays a role in the interfacial orbital 
ordering. 
Mn ions in high oxidation state are susceptible to electron beam induced 
reduction.  Riedl and collaborators studied La0.7Sr0.3MnO3 films in which they acquired 
EELS with increasing dose of electrons [38]. They found that the threshold for damage at 
300 kV is 5 x 109 e-/nm2 for the O K edge and 1 x 1010 e-/nm2 for the Mn L2,3 edge. With 
a dose of 1.6 x 1010 e-/nm2, the O K prepeak nearly disappears and the intensity of 3rd 
peak is only ~10% greater than the minimum following the 2nd peak. Correspondingly, 
the ratio of the maximum intensity of the Mn L2 peak to L3 peak falls from ~0.6 to ~0.4. 
The electron dose used in our experiment is 4.5 x 1010 e-/nm2 at 80 kV. The lower 
electron acceleration voltage is used to avoid the electron knock-on damage; the 
estimated knock-on damage threshold for oxygen is 260 kV based on the displacement 
energy of 45 eV [39, 40].  The other damage mechanism is radiolysis caused by electron 
beam induced charging, which does not have a threshold for high energy electrons [39]. 
Compared to the results of Riedl et al., the O K prepeak in our spectra presented in Figure 
4.7 is strong and the intensity of the 3rd peak is ~90% and ~40% greater than the 
minimum following the 2nd peak for LMO and SMO respectively. Correspondingly, the 
ratio of the maxima of the L2 to L3 peaks in Figure 4.6 is ~0.6 for both LMO and SMO. 
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Both show no evidence of electron beam induced damage. This is also confirmed by the 
comparison of the XAS and EELS data as presented for the Mn L2,3 edge. Other than the 
difference in energy resolution, there was no change in the edge fine structure of XAS 
and EELS. For radiolysis, no evidence of mass loss was found at 80 kV in the HAADF-
STEM image. However, in other experiments on similar oxides, we did observe a 
reduction in the HAADF-STEM image intensity after high spatial resolution EELS line 
scans at 200 kV after significant beam exposure. Therefore, we rule out electron beam 
damage as cause to the observed EELS fine structures in this experiment. 
4.6 Conclusion 
In summary, we have presented EELS evidence of interfacial states and mapped 
their distribution in a LMO/SMO superlattice. The structure of the superlattice is 
asymmetrical with sharp LMO/SMO and rough SMO/LMO interfaces. The rough 
SMO/LMO interface is characterized by the mixture of two lattices and step-like contrast 
in the HAADF-STEM images separated at about 10 - 20 nm apart. Both the LMO and 
SMO layers are strained normal to the interface and coherent with the STO substrate 
lattice in the parallel directions. Spatially resolved EELS spectra were obtained using a 
fine aberration corrected electron probe; the resolution is sufficient to allow the mapping 
of the electronic structure of individual Mn-O atomic columns. Good agreement was 
obtained between the averaged EELS spectrum and the XAS spectrum obtained from the 
same sample. Analysis of the EELS spectra at interfaces revealed an additional spectral 
weight at the onset of the O K edge in agreement with the reported RSXS data. The 
additional spectral weight is distributed at the interface of LMO and SMO with a full-
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width at half maximum of 1 unit cell. The spectral weight is strongest at the sharp 
interface; it is weak or absent at the rough interfaces. 
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CHAPTER 5 
STRAIN IN LaMnO3-SrMnO3 SUPERLATTICES 
 
 A series of (LaMnO3)m(SrMnO3)n superlattices are grown on <001> SrTiO3. The 
evolution of the atomic structure and strain in the superlattices is investigated here by 
scanning transmission electron microscopy and nanoarea electron diffraction.  
5.1 Introduction 
 The ability to examine the unoccupied states on the atomic level using EELS 
allows one to map the electronic structure as a function of position through thin films and 
interfaces [1]. The atomic structure can be examined directly in real space by atomic 
resolution STEM. The lattice constants and strain can be measured using X-ray 
diffraction (XRD) and nanoarea electron diffraction (NED). NED has the advantage of 
sampling over small areas with a probe diameter of 50 – 100 nm, which is sensitive to a 
small number of defects such as dislocations or stacking faults. In NED, the average 
lattice strain of the superlattice can be measured in reference to the underlying substrate. 
Determining the local crystal structure and strain of individual films is problematic in 
most superlattices as the probe size is typically larger than the individual film thickness. 
The probe sizes of parallel beams formed in electron microscopes for NED are in the 
range of a few tens of nm [2]. A convergent beam electron probe can be formed that is a 
sub-nm in diameter and can be placed on individual films [3, 4]. However, the diffraction 
pattern consists of overlapped discs, which makes diffraction pattern interpretation 
difficult and often requires extensive simulations for quantitative analysis [3, 4]. The 
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CBED technique for lattice parameter measurement is limited to crystals with small or 
medium sized unit cells [3]. Here, we present an approach to combine NED with STEM 
imaging to solve some of these issues. The recent aberration corrected STEMs have 
improved electronics and scanning stability over previous microscopes. This allows us to 
acquire atomic resolution STEM images with large field of view, without significant 
stage drift or scanning distortions. The fast Fourier transform (FFT), or power spectrum, 
of such images often reveals not only the strong Bragg reflections, but also weaker 
reflections such as superlattice reflections and reflections arising from orthorhombic 
distortion in the case of perovskite structures. The orthorhombic reflections may be 
confined to one of the two films in the superlattice, particularly films that have tendency 
to form the distorted perovskite structure in bulk. We can selectively mask these 
reflections and invert the FFT to obtain domains that correspond to real space on the 
image. This method allows us to determine the origin of orthorhombic reflections in NED 
patterns.  
 A superlattice of LaMnO3-SrMnO3 (LMO-SMO) grown on SrTiO3 (STO) was 
studied in Chapter 4. The tolerance factors of LMO, SMO, and STO are 0.855, 0.945, and 
0.910, respectively. The tolerance factor suggests LMO is borderline stable in a pseudo 
cubic structure. We investigated coherent superlattices of LMO-SMO and found evidence 
of orthorhombic reflections in NED patterns for the larger period superlattices. We 
demonstrate that the orthorhombic domains are in the LaMnO3 film. We also investigated 
other coherent superlattices containing LMO films to measure the critical film thickness 
for the formation of the orthorhombic crystal structure. The critical thickness for 
orthorhombic structures is about 5 to 6 u.c. of LMO in thickness. 
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5.2 Experimental 
 The samples investigated were molecular beam epitaxy (MBE) grown samples of 
(LMO)4-(SMO)2, (LMO)6-(SMO)6, (LMO)8-(SMO)4, (LMO)11.8-(SMO)4.4, (LMO)12-
(SMO)5, (LaMnO3)6-(LaNiO3)6 [(LMO)6-(LNO)6], and (LaMnO3)2-(SrTiO3)2 [(LMO)2-
(STO)2]. All specimens were grown on <100> SrTiO3 under similar conditions at ~700 
°C with annealing between growth of each atomic layer for 30 – 60 seconds. The details 
of growth conditions are reported in Ref. [5]. The specimens were grown such that the 
final superlattice thickness was 30 – 40 nm, except for the LMO-LNO and LMO-STO 
superlattices, which are ~12 nm and ~50 nm in thickness, respectively. 
 Specimens for electron microscopy were prepared according to the procedures in 
Ch. 2 and Appendix A. A JEOL JEM2010F operating at 197 kV was used to acquire 
NED patterns with a parallel probe size of 50 – 80 nm. STEM images were acquired with 
the JEOL JEM2200FS operating at 200 kV and the TEAM 0.5 microscope operating at 
80 kV. The convergence semi-angle was chosen at 16 – 25 mrad and the images were 
acquired at HAADF conditions.  
5.3 Results and Discussion 
 Figure 5.1 and 5.2 shows the evolution of the NED patterns in the LMO-SMO 
series, and corresponding representative STEM images, starting with the (LMO)4-
(SMO)2 sample and followed by superlattices with increasing thickness of the LaMnO3 
film. The diffraction data shows that the (LMO)4-(SMO)2 lattice is tetragonal with 
reflections that coincide in-plane with the reflections from the cubic STO substrate. No 
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misfit dislocations were found in a survey of different regions of each sample. The first 
SMO film grows coherently on top of the STO substrate, and all subsequent films grow 
coherently. For the (LMO)6-(SMO)6 sample, the tetragonal reflections observed in the 
case of (LMO)4-(SMO)2 are present, but additional weak reflections are also present. 
These weak reflections correspond to orthorhombic reflections of LaMnO3, as pointed 
out in Chapter 4. As the thickness of LaMnO3 in the superlattice increases, the weak 
orthorhombic reflections become stronger in intensity relative to the tetragonal 
reflections.  
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Figure 5.1: NED patterns showing the lattice evolution of the LMO-SMO superlattice 
series. As the film thickness of LaMnO3 increases, reflections other than from the 
tetragonal perovskite lattice appear and become stronger with LMO thickness (circled), 
indicating a distorted orthorhombic crystal structure. The tetragonal reflections are 
marked by squares.  
101 
 
 
Figure 5.2: Corresponding STEM images for the diffraction patterns in Figure 5.1. 
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 To demonstrate the orthorhombic structure is limited to the LaMnO3 film, we 
masked reflections in the FFT of the STEM images. The weak reflections are much 
weaker in the FFT’s then the corresponding diffraction patterns and are only visible in the 
highest resolution images with high stability scanning and low electronics noise. The 
weak reflections were visible in the 8 x 4, 10 x 5, and 11.8 x 4.6 samples. The inverse 
FFTs of the weak reflections, while masking out all other Fourier space reveals domains 
in the image confined mostly to LaMnO3 films. This provides evidence that the weak 
reflections originate from the LaMnO3 films. Figure 5.3 shows an example from the 
(LMO)11.8-(SMO)4.4 sample where masked orthorhombic reflections are limited to LMO 
films. 
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Figure 5.3: (a) High resolution STEM image of the (LMO)11.8-(SMO)4.4 sample. (b) 
Inverse FFT of the FFT of image a) masked with the circled reflections in the NED 
pattern of (c). The domains are confined mostly to the LMO films. The contrast levels are 
adjusted to highlight the domains. (d) Composite red-green-blue image showing the 
domains reflection originate from LMO films. The inset shows the distortions are 
localized primarily to the LMO films. 
 
 The composite image clearly shows domains limited primarily to the LMO films. 
Figure 5.4 shows a similar example from the (LMO)8-(SMO)4 sample, which shows also 
distortions in the LMO film. A composite image of the (LMO)10-(SMO)5 sample revealed 
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the same distortions in the LMO film. The FFT of the (LMO)6-(SMO)6 sample is 
displayed in Figure 5.5. The orthorhombic reflections are not visible in the FFT, while 
the NED pattern shows weak orthorhombic reflections. This indicates the orthorhombic 
character in the sample is small when the LMO films are 6 u.c. in thickness or less. The 
(LMO)4-(SMO)2 sample did not contain any orthorhombic reflections in the NED 
patterns. The critical thickness for LMO orthorhombic transformation appears is 6 unit 
cells from this data. 
 
Figure 5.4: (a) STEM image of the (LMO)8-(SMO)4 sample. (b) Inverse FFT of the FFT 
from image (a)  masked with the circled regions in the NED pattern of (c). The domains 
are confined mostly to the LMO films. The contrast levels are adjusted to highlight the 
domains. (d) Composite red-green image showing the orthorhombic reflection originate 
from LMO films. 
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Figure 5.5: (a) STEM image of the (LMO)6-(SMO)6 sample. (b) FFT of the STEM image 
shows only the tetragonal reflections and superlattice reflections. (c) NED patterns shows 
weak orthorhombic reflections. 
 
 We also obtained NED patterns from two other superlattices containing LaMnO3. 
Figure 5.6 displays a STEM images and NED pattern from a (LMO)2-(STO)2 (The 
sample will be discussed in detail in Chapter 6 and 8). The STEM image shows coherent 
growth over a large ~100 nm superlattice. The NED pattern reveals only tetragonal 
reflections and superlattice reflections. No orthorhombic reflections are observed. This 
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provides evidence that the tetragonal crystal structure is preferred when LMO films are 
grown less than 4 u.c. in thickness. 
 
Figure 5.6: (a) STEM image and (b) diffraction pattern from a (LMO)2-(STO)2 
superlattice. No orthorhombic reflections are observed in the short period superlattices. 
 
 Figure 5.7 shows a STEM image from a (LMO)6-(LNO)6 superlattice. The 
brighter films are LNO and the darker films are the LMO films. The NED pattern shows 
orthorhombic reflections. The masked reflections in the FFT of the STEM image shows 
the orthorhombic domains are located in both films, but are stronger in the LMO films. 
This gives further evidence that the critical thickness tetragonal to orthorhombic 
transformation of LMO is ~6 unit cells. Since we did take NED patterns from any 
superlattices with LMO thickness of 5 u.c., it is possible that 5 u.c. is the critical 
thickness for orthorhombic crystal structure. 
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Figure 5.7: (a) STEM image of the (LMO)6-(LNO)6 sample. (b) Inverse FFT of the FFT 
from image (a) masked with the circled regions in the NED pattern of (c). The domains 
are in both films but are stronger in LMO films. (d) Composite red-green image showing 
the orthorhombic domains in the LMO films. 
 
5.4 Conclusion 
 In summary, we have characterized the crystal structure of a series of superlattices 
containing LaMnO3. When the LaMnO3 film thickness is 6 unit cells or greater, 
orthorhombic reflections are visible in electron diffraction patterns and in some cases, 
these reflections are visible in the FFT of a STEM image. The LaMnO3 film prefers to be 
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tetragonal when grown as 4 unit cell film thickness or less on <100> SrTiO3. Aberration 
corrected STEM was essential is observing the weak orthorhombic reflections. 
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CHAPTER 6 
ELECTRONIC AND STRUCTURAL RECONSTRUCTION IN A LaMnO3-SrTiO3 
SUPERLATTICE 
 
 In this chapter, we apply atomic scale EELS, atomic resolution STEM, and 
nanoarea electron diffraction to study a short period LaMnO3-SrTiO3 superlattice. This 
work was previously published in Ref. [1]. 
6.1 Introduction 
An epitaxial interface between two strongly correlated transition metal oxides can 
lead to emergent electronic states at the interface, because the explicit breaking of 
translational symmetry can nucleate new electronic phases [2-5]. Recent studies have 
shown that new interfacial states in oxides can be designed and constructed using 
physical vapor deposition techniques (for a review, see ref [6]), and when the interface is 
repeated in close spacing (~a few unit cells), it can lead to bulk-like properties [7, 8]. 
Some interfaces that have attracted considerable attention recently are those formed 
between two perovskites of LaTiO3 and SrTiO3 [9] or LaMnO3 and SrMnO3 [7, 8, 10].  
These constituents are all insulating individually in the bulk phase. However, the 
interfaces become highly conductive via different mechanisms; the interface of LaTiO3-
SrTiO3 has layer-to-layer charge transfer [11, 12] and the interface of LaMnO3-SrMnO3 
is between two antiferromagnetic insulators [7, 10, 13]. Some strongly correlated 
perovskites also exhibit competing orders involving charge and spin, resulting in a 
heightened sensitivity to temperature, external fields, and strain [14]. By combining 
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different perovskites in an epitaxial superlattice, the interruption of translational lattice 
symmetry and strain can be used to favor one competing order over others.  
 Growing atomically sharp interfaces and controlling the stoichiometry and defects 
have been shown to be critical for achieving desired interfacial properties [2, 15-19].  
Atomic resolution characterization is essential to determine the interface structure and to 
map interfacial electronic states. This can be achieved by electron energy loss 
spectroscopy (EELS) in combination with atomic resolution scanning transmission 
electron microscopy (STEM) using an annular dark-field (ADF) detector [20].  Here, we 
report the interfacial electronic structure characterization of a m×(LaMnO3)/n×(SrTiO3) 
superlattice based on aberration corrected STEM and EELS. This superlattice was 
designed to enhance the optical absorption using interfacial states by contacting a band 
insulator, SrTiO3 (STO), with a Mott-insulator LaMnO3 (LMO) [21]. Bulk STO does not 
absorb light below 3.2 eV, while LMO has a peak in optical absorption at 1.6 eV, and 
absorbs less light as a function of energy to a trough at 2.7 eV [21].  Zhai et al. reported 
that there are no sharp absorption frequencies in LMO between 1.6 and 2.7 eV. However, 
superlattices of LMO-STO show frequencies in this range with sharp optical absorption 
[21]. As the thickness of the supercell decreases and the density of interfaces increase, the 
magnitude of optical response to new frequencies increases. This is due to an extra 
electron in the eg1 orbital in LMO films that spills into unoccupied Ti 2d t2g orbitals [21]. 
As the interface density increases, the probability for electron leakage increases. This 
system is also interesting because of the presence of La1-xSrxMnO3 - SrTiO3 and Sr1-
xLaxTiO3 - LaMnO3 interfaces shown in the layering model of Figure 6.1a. La1-xSrxMnO3 
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in bulk phase is a spin-polarized and ferromagnetic and has received considerable 
attention recently for spin-valve applications [22]. La doping makes Sr1-xLaxTiO3 metallic 
for x as small as <0.1 [23] and superconducting. The 2 × 2 LMO-STO superlattice was 
grown over a large thickness of 63±1 layers of LMO and STO. The structure consists of 
one unit cell each of LMO, La0.5Sr0.5MnO3, STO and Sr0.5La0.5TiO3. The small repeating 
2 × 2 supercell and change of both cations on the A sites (La and Sr) and B sites (Mn and 
Ti) in the perovskite structure make this superlattice particularly challenging for both 
synthesis and characterization. The aberration corrected STEM allows EELS core loss 
fine structure to be analyzed on an atomic scale. 
 
Figure 6.1: The atomic structure of an oxide superlattice characterized by electron 
imaging and diffraction. a) A model of the 2 × LaMnO3/2 × SrTiO3 superlattice. b) A 
HAADF-STEM image shows atomic level sharpness of films c) Nanoarea electron 
diffraction pattern shows the strong fundamental reflections and weak satellite reflections 
(q) from the superlattice.  
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6.2 Experimental 
 Atomic layer-by-layer MBE (ALL-MBE) was employed to grow the oxide 
superlattice. Past studies have shown the ALL-MBE can be used to grow oxide thin-films 
with 10-2 unit cell precision in composition, and making use of beam flux gradients to 
provide a range of integrated doses, regions in a sample with 10-3 unit cell precision can 
be identified [24]. Details for growth are presented Zhai et al. in Ref. [21]. The growth 
was started by depositing first 6 layers of STO as a buffer layer, followed by the growth 
of superlattice. The growth after the first 3 supercells remained periodic for the remainder 
of the growth. After growth, cross sectional samples for electron microscopy were 
prepared by mechanical wedge polishing and ion milling, according to the Chapter 2. 
Microscopy was carried out on a 200 kV JEOL JEM2200FS STEM equipped with  a 
CEOS 3rd order probe forming spherical aberration (Cs) corrector to reduce the probe size 
to ~1 Å [25]. To record EELS, the energy dispersion is obtained using an in-column 
omega-energy filter. For EELS spectroscopy, we used a 26 mrad probe convergence 
angle and a 41 mrad collection angle. The probe current was measured to be ~165 pA 
(The image shown in Figure 6.1 differs from the other figures in that the semi-
convergence angle is 16 mrad and the probe current is ~ 13 pA). The EELS spectra are 
background subtracted with an exponential or power law to remove the contribution of 
random multiple scattering of electrons through the sample. 
6.3 Results and Discussion 
Figure 6.1b displays a HAADF STEM image of the upper supercells of the 
superlattice, which shows that epitaxial growth of the films was maintained with atomic 
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sharpness. The superlattice structure was quantified using nanoarea electron diffraction 
[26]. An example of the superlattice nanoarea electron diffraction pattern is shown in 
Figure 6.1c. A diffraction pattern was also recorded from the STO substrate near the 
superlattice (not shown) and used for calibration. The diffraction spot indexed as (001) is 
the film growth direction. Weak first order superlattice reflections (±q) along (001) are 
clear in the pattern. Using the calibration obtained from the STO substrate, the measured 
the c-axis length of the average perovskite cell in the superlattice from Figure 6.1c is 
3.92SLc =  Å. The c-axis is elongated by 0.4% compared to the STO substrate. The 
distance of the first order reflection, q, is measured at 0.237. An ideal 2 × 2 superlattice 
should have q = 0.25. Thus, for this particular sample, there is a deviation of -5.2%, 
corresponding to an incommensurate lattice of mixed 2 to 3 unit cells with an averaged 
repeat of 4.2 times the perovskite unit cell.  
 The high spatial resolution of EELS allows the examination of the Ti and Mn L2,3 
edges of individual atomic columns. Figure 6.2a shows an EELS line scan background 
subtracted with an exponential law across eight supercells. The integrated edge intensity 
is plotted in Figure 6.2b and 6.2c for Ti and Mn L2,3 edges respectively. In each profile, 
sites where the integrated edge intensity is near the maximum are identified as 
predominantly Ti or Mn sites and labeled as 1 and 2, respectively. Sites where there is 
significant Ti and Mn mixing are identified as 3. Figure 6.2d plots the Ti L2,3 edges 
obtained from the three sites. For comparison, the Ti L2,3 edge obtained from a separate 
linescan over the STO substrate is also plotted. Its energy loss axis was shifted so the 
edge onsets are at the same value for comparison. The spectra are normalized above the 
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edge threshold in the energy window between 470 and 490 eV. Ti sites 1 and 2 in the 
superlattice show similar near edge structure. However, these Ti L2,3 edges are different 
from that of the substrate. The Ti spectra from the superlattice have slightly more 
intensity between the t2g and eg peaks for both the L2 and L3 edges, while the spectra from 
the substrate has a sharper drop in the minimum between these peaks. The difference is 
not caused by a change in EELS energy resolution; both spectra were obtained with the 
same instrument setting. This will be further discussed next together with the O K edge. 
The Ti L2,3 edges obtained from site 3 have a smaller intensity and the same ELNES 
features as the other two sites. The comparison for two different Mn atomic columns is 
shown in Figure 6.2e, which is normalized to the minimum between the L3 and L2 peaks. 
Mn sites 1 and 2 give similar ELNES. A noticeable difference is observed in the 
spectrum obtained from site 3 characterized by a larger increase in L3 edge peak than the 
L2 edge. The change in the L3/L2 ratio in Mn oxides, in general, indicates a change in the 
oxidation state [27, 28].  
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Figure 6.2: Atomic scale mapping ELNES of Ti and Mn L2,3 edges. a) The HAADF-
STEM image marked with the position of the EELS line scan and EELS spectral maps 
for Ti and Mn L2,3 edges and La M5. b) The integrated edge intensity of the Ti L2,3 used to 
identify sites 1 and 2, which have little or no Mn mixing, and site 3 with significant Mn 
mixing. c) Similarly, the integrated edge intensity of the Mn L2,3 used sites 1 and 2 with 
little or no Ti mixing, and site 3 with Ti mixing. d) and e) Averaged spectra obtained 
from the sites identified in b) and c). 
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The chemical structure from the EELS data of Figure 6.2a and HAADF-STEM 
images is shown schematically in Figure 6.3a. There are two different Mn and Ti sites 
respectively in the superlattice with Ti2 and Mn2 between LaO and SrO atomic layers. In 
the simple ionic picture with La and Mn as 3+, Ti as 4+ cations, and O as 2- anion, the 
superlattice is neutral and there is a dipole across 2.5 unit cells between the LaO atomic 
layer above the Ti2 and MnO2 atomic layer of the Mn2 site. To look for possible effect of 
this dipole, the O K edges were examined inside the superlattice and in the STO 
substrate. The O K edge has been shown to be sensitive to the electronic structure in 
oxide superlattices [29, 30]. However, in these previous studies, the EELS spatial 
resolution was not high enough to examine the O K edge on an individual unit cell basis.  
In this study, the spatial resolution of EELS is significantly improved with aberration 
correction as evidenced by the above Ti and Mn L edge data.  
Figure 6.3 examines the ELNES of the O K edge that is mapped within the length 
of a superlattice unit cell. The HAADF-STEM image and the Ti L2,3 edges are shown 
together with the O K edge in Figure 6.3a. The position of the O K prepeak in the EELS 
line scan is indicated by the downward arrow. Figure 6.3b plots the EELS spectrum of O 
K edge obtained on the Ti1, Ti2, Mn1 and Mn2 B-sites as illustrated in Figure 6.3a. The 
spectrum plotted is an average of 3 to 4 spectra on each B-site. The spectra were 
background subtracted using an exponential law. For comparison, we also plotted in 
Figure 6.3b an averaged spectrum from the STO substrate, which was obtained in a 
separate line scan. The energy scale was shifted so the onsets meet at the same position. 
The O K edge originates from the transition from the O 1s to unoccupied 2p states. This 
edge is pushed up to the continuum at higher energy if the 2p states are fully occupied as 
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for O2- ions. The observed O K edge is the result of hybridization between the O 2p and 
transition metal states. The main peaks of the O K edge can be attributed to the 3d states 
of the Mn or Ti B-site cation, 4d states of Sr or 5d states of La at the A-site cation, and 4s 
and 4p of the B-site cation as labeled in Figure 6.3b [31-33]. The relative strength of the 
prepeak at 531 eV is an indication of d-band filling [33]; the peak is strongest in the STO 
substrate where the d-band is largely unoccupied, and the peak is weakest in LMO with 
its 3d t2g band fully occupied in the spin up band. At the interface of between atomic 
layers of LaO-MnO2-SrO, there is an increase in the prepeak intensity, similar to the 
behavior of Sr doping in LMO [34]. The prepeak intensity at Ti1 and Ti2 sites are 
similar. Both are noticeably weaker than the prepeak in the STO substrate, indicating a 
lowered number of unoccupied states of Ti 3d in the t2g band of the superlattice. We also 
notice a significant peak shift for the 2nd peak of the O K edge attributed to the Sr 4d on 
all superlattice sites as La 5d bands mix with Sr 4d (The eg peak is not distinctly resolved 
in the spectra). The spectral shape is similar to what is observed for La doped STO by X-
ray absorption spectroscopy [23].  
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Figure 6.3: The mapping of O K edge for Ti and Mn atomic columns inside the 
superlattice. a) the O K edge map from a line across a single supercell of the superlattice. 
The map is shown together with a structural model of the superlattice, the HAADF-
STEM image and the Ti L2,3 edges obtained in the same line scan. The spectral maps 
were background subtracted with an exponential fit.  b) O K edge spectra on four 
different atomic sites, Ti1, Ti2, Mn1 and Mn2, as labeled in a).  An averaged O K edge 
spectrum obtained from the SrTiO3 substrate is also shown for reference. The down 
arrows point to the prepeak of the O K edge as discussed in text. 
 
 Figure 6.4 shows the transition of O K edges from the STO substrate to the 
deposited STO buffer layer to first a few layers of LMO and STO. The HAADF-STEM 
image marked with the line scan position and the position of the STO buffer layer are 
shown in Figure 6.4a and the O K edge map is shown in Figure 6.4b together with Ti L2,3, 
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Mn L2,3 maps. All spectra were background subtracted with a power law. The O K edge 
map reveals clear changes in the superlattice 1) a shift to lower energy loss for the peak 
attributed to hybridization of O 2p with Sr 4d or La 5d, and 2) a reduction of the prepeak 
intensity, while the O K edge in the STO buffer is the same as the STO substrate. This 
trend is further explored in Figure 6.4c, which plots the EELS spectrum of O K edge 
taken from the STO substrate, the STO buffer and the STO layer in the superlattice. The 
spectrum plotted was an average of 5 spectra in each case. There is no appreciable 
difference between the overlapped O K edge from the STO substrate and the deposited 
STO buffer layer film. The spectrum from the STO film inside the superlattice (the 
position is marked in Figure 6.4b by a white arrow) show similar ELNES features as 
observed in Figure 6.4 with broadening in the third peak attributed to O 2p hybridization 
with Sr 4d and La 5d, a less intense prepeak, and a chemical shift of the edge onset. The 
overlaid Ti L2,3 edges of the buffer layer and STO substrate in Figure 6.4d also show no 
appreciable difference while the spectrum from the STO thin film has a slight broadening 
in the t2g-eg splitting of the L2 peak. The difference plotted in Figure 6.4d is between the 
superlattice and an average of the STO substrate and STO buffer layer. The same 
chemical shift toward lower energy loss observed in the O K edge is also observed for the 
Ti L2,3 edge. The amount of chemical shift is measured at 0.22 eV, which agrees with the 
optical absorption spectroscopy data [21]. The EELS results show that the band 
alignment observed by the optical absorption spectroscopy occurs in STO corresponding 
to a lowering of the conduction band edge. 
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Figure 6.4: a) HAADF STEM image after a linescan shows the buffer layer of STO 
indicated by the bracket over the STO substrate. The buffer layer and thin films are 
slightly misoriented from the substrate. This misorientation disappears in the third 
supercell. b) EELS spectra background subtracted with a power law fit. The broad peak 
in the O K edge shifts towards lower energy loss in the STO thin films, but not in the 
STO buffer layer. c) Ti L2,3 and O K spectra averaged over five integration points from 
the substrate, buffer layer, and a STO film indicated by the horizontal white arrow. 
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 The above observed chemical shift of O K and Ti L2,3 edges and changes in the 
fine structure O K all point to new interfacial electronic structures in the 
2×LaMnO3/2×SrTiO3 superlattice. The O K prepeak shows an increase at the Mn2 sites 
and a decrease at both Ti sites indicate that the electron from the LaO atomic layer is 
redistributed in STO and the interfacial Mn2. The change observed in Ti L2,3 edge in STO 
is too small compared to the difference in the fine edge structures that one expects for 
Ti3+ and Ti4+ (see ref. [9]).  The amount of electron transfer to Ti likely is small, much 
less than one electron. The predominant change in the O K edge within individual unit 
cells suggests that electron transfer is achieved through the transition metal and oxygen 
bonding. The small electron transfer into STO observed here is in contrast to a recent 
EELS study on a 17xLMO/2xSTO superlattice [35], which reported mostly a Ti3+ 
oxidation state in STO. This superlattice has an extra LaO atomic layer, which is not 
present in our case. 
6.4 Conclusion 
 Direct EELS evidence of interfacial electronic states for band alignment and 
interfacial electron transfer, or charge leakage, in a 2×LaMnO3/2×SrTiO3 superlattice was 
presented. The superlattice is epitaxial strained. The band alignment, in the form of a 0.22 
eV chemical shift of O K and Ti L2,3 edges, was observed in ultra-thin STO. The electron 
transfer from LMO to STO is evidenced by a reduction in the intensity of O K edge 
prepeak in STO, which is attributed to unoccupied O 2p states from hybridization with 
the Ti 3d t2g states.  Electron probe aberration correction was essential for the high spatial 
resolution mapping of interfacial electronic states.  
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CHAPTER 7 
INTERFACIAL SHARPNESS OF LaAlO3 THIN FILMS GROWN ON SINGLE 
CRYSTAL SrTiO3 SUBSTRATES 
 
The interface of LaAlO3 (LAO) and SrTiO3 (STO) has attracted considerable 
interest recently since it was discovered in 2004 by Ohtomo and Hwang to be conducting 
and, in certain cases, superconducting at low temperature [1]. A great deal of research 
worldwide has been focused on determining the reasons for such high conductivities by 
experimental methods and theory. However much of the previous work has assumed that 
interfaces were sharp. This assumption has not been extensively tested by high resolution 
methods. Here, we investigate the interfacial sharpness of two LaAlO3 films grown on 
single crystal SrTiO3 substrates by two different research groups using atomic scale 
STEM and EELS. We focus on interface sharpness, interdiffusion, and interfacial 
electronic structure modification. Portions of this chapter were submitted as a manuscript 
to Ref. [2]. 
7.1 Introduction 
 LaAlO3 and SrTiO3 are both insulators in bulk form with the pervoskite structure. 
While SrTiO3 are cubic (Space group Pm-3m) with a lattice constant of a = 3.9051 Å at 
room temperature, LaAlO3 undergoes a gradual structural transition from cubic at high 
temperatures (TC = 813K) to rhombohedral (space group R-3c). The lattice constants are 
a = 7.5801 and c = 90.092 at room temperature. While LAO and STO are both insulating 
in bulk form, in 2004, Ohtomo and Hwang discovered a carrier mobility exceeding 
10,000 cm2V-1sec-1 in a layered oxide samples of LAO-STO grown by pulsed laser 
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deposition (PLD) [1]. The carrier density was found to be orders of magnitude greater 
than the densities found in 2-dimensional electron gasses in III-V semiconductors [1, 3], 
which attracted considerable interest worldwide and further research to investigate this 
issue. 
The high carrier mobility was suggested to be caused by a polar discontinuity, in 
which an extra half electron (e/2) from the charged LaO layer was transferred into the 
neutral TiO2-SrTiO3 interface. This would supply 3.3 x 1014 e/cm2. However, Ohtomo 
and Hwang’s transport measurements suggested a carrier density of 1017 e/cm2, a number 
that is orders of magnitude greater than expected by a simple polar (charge transfer) 
interface model [1]. In 2006, Nakagawa, Hwang, and Muller showed the termination of 
films was critical in the charge transfer mechanism and overall film stability [4]. They 
showed by atomic scale electron energy loss spectroscopy (EELS) in the scanning 
transmission electron microscope (STEM) that n-type interfaces of AlO2/LaO/TiO2 are 
compensated by mixed valence Ti4+/3+ states and p-type interfaces of AlO2/SrO/TiO2 are 
compensated by oxygen vacancies at the interface [4]. Transport measurements showed 
the n-type interfaces were metallic and the p-type interfaces were insulating. Atomic 
resolution STEM images also showed that the n-type interfaces were twice as rough as p-
type interfaces, and implied that local roughness by La/Sr exchange was a mechanism to 
stabilize a polar catastrophe with increasing layers [4]. The interdiffusion of Ti/Al was 
not discussed [4]. 
Several groups worldwide studied the LAO-STO system since Ohtomo and 
Hwang’s initial discovery. Huijben et al. investigated n-type and p-type interfaces of 
LAO and STO [5]. They used single layers of LAO on STO substrates with both TiO2 
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and SrO termination and found the sheet conduction was 3 orders of magnitude larger for 
the n-type (LaO-TiO2) interface compared to the p-type interface (AlO2-SrO) at all 
temperatures [5]. The n-type and p-type conductance were measured as 1.4 x 10-4 
(/square)-1 and 10-7 (/square)-1, respectively [5]. They also grew three-layer 
heterostructures of STO-LAO-STO, LAO-STO-LAO, where the top and bottom layers 
were kept thick and the middle layer was variable in thickness. They found if the middle 
layer was 6 u.c. or thicker, the sheet resistance at room temperature was ~103 /square 
for both types of heterostructures [5]. If the middle layer was reduced below 6 u.c., the 
sheet resistance increased [5]. Thiel et al. also confirmed the conductivity of the interface 
of LAO and STO is reduced when the p and interfaces are spaced by less than 6 u.c. [3]. 
They also confirmed the conductivity does not occur on the surface of LAO nor does it 
occur in the bulk of the STO substrate, by performing transport measurements with Au 
contacts in Ar ion-etched holes and polishing the LAO film off the substrate, respectively 
[3]. This suggested the conductivity is confined to a thin layer near the interface of LAO 
and STO. More recently, Gariglio et al. showed that samples where the LAO film 
thickness are greater than 3 u.c. can be conducting [6]. Thiel also showed the a similar 
critical LAO thickness of 4 u.c. is necessary for a conducting interface [3]. This is 
suggested as an electronic reconstruction that takes place as the electronic potential 
increases with thickness. As the thickness reaches a critical value, charge transfer takes 
space. Gariglio et al. also found a critical thickness of 3 u.c. for LAO was necessary for 
conductivity in samples that were annealed in high O2 partial pressure [6]. Thiel et al. 
show that the interface could be tuned from metallic to insulating by applying a gate field 
[3], paving the way for applications gate devices. In contrast to these two results, Reyren 
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et al. suggested in a superconducting LAO-STO sample, the maximum thickness of the 
superconducting sheet is 10 nm (~ 25 u.c.) [7]. Caviglia et al. also used the electric field 
effect to tune LAO-STO samples from superconducting to insulating [8]. 
Another suggestion for the high mobility and carrier concentration in LAO-STO 
interfaces is oxygen vacancies introduced into the STO substrate, as oxygen deficient 
STO is known to be conducting [9, 10]. In all of the published  results, a growth 
temperature of ~700 °C or greater and an oxygen partial pressure of 10-5 mbar or lower 
was necessary for high mobility. Kalabukhov et al., Siemons et al., and Herranz et al. 
show evidence that a large concentration of oxygen vacancies are formed at the STO 
substrate, although the extent of the depth of these vacancies into the STO substrate 
differs among the three references [11-15]. Kalabukhov et al. show that oxygen vacancies 
can be introduced into SrTiO3 by annealing at high temperatures of 800 – 1400 °C in a 
vacuum, by Ar ion bombardment, by deposition LAO, and by using the same deposition 
conditions to deposit LAO but without actually depositing the film [11]. These results 
showed oxygen vacancies are induced into the STO substrate by high temperature 
annealing at 10-6 mbar PO2 and that the charge carriers in LAO-STO are localized not 
only in the interface, but also in the bulk of the STO substrate [11]. They also performed 
high resolution transmission electron microscopy (HRTEM) studies and found 
dislocations separated by ~15 nm in the STO substrate near the LAO-STO interface, 
which coincided with misfit dislocations at the interface [11]. They suggested this was 
larger than the expected distance between dislocations of 11 nm in a fully realized film, 
so that the deposited film is not fully relaxed. The strain from the misfits reaches about 
10 nm into the STO substrate [11]. They also found STO substrates annealed at high 
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oxygen pressures of 10-4 mbar were not conducting, suggesting that oxygen vacancies are 
primarily the result of low oxygen pressures during PLD growth [11]. Siemons et al. also 
reached a similar conclusion when depositing STO at high temperature in low pressure 
(10-6 Torr) PO2 resulted in high carrier mobility while depositing under high pressure (2 x 
10-5 Torr) PO2 resulted in low carrier mobilities [12, 13]. This supports the theory that 
oxygen vacancies are created during growth and give rise to electron donors within the 
STO substrate. Herranz et al. showed the resistance of the film increased as the PO2 was 
increased from 10-6 mbar to 10-3 mbar, and correspondingly the mobility decreased from 
104 cm2V-1sec-1 at 4 K to slightly less than 101 cm2V-1sec-1 when the PO2 was changed 
through the same PO2 range [14]. They concluded that the oxygen vacancies extended 
~500 µm into the STO substrate, which is the entire substrate thickness. Basletic, 
Herranz, et al. also used conducting-tip atomic force microscopy (CT-AFM) to show the 
STO substrate was conducting all the way to the backside of the STO substrate at ~500 
µm (RCT-AMF  5 x 1010 ) when growth PO2 is 10-5 mbar and the sample is not post-
annealed in high pressure O2 [16]. They suggested the low resistance was caused by 
oxygen vacancies in the STO substrate. The resistance near the LAO-STO interface was 
4 orders of magnitude smaller (RCT-AMF  106 ), showing localized high conductivity at 
the interface [16]. In a sample that was post-annealed in high PO2, the substrate resistance 
became highly insulating at RCT-AMF > 1012   and the resistance at conducting interface 
confined to a 7 nm layer at the interface resistance was RCT-AMF  6 x 105  [16]. The 
sheet resistance and mobility of the non-annealed and annealed samples at 4 K were 10-13 
 and 2,260 cm2V-1sec-1, and102  and 650 cm2V-1sec-1, respectively, which shows the 
conductivity is related to oxygen vacancies induced during growth [16]. Their estimation 
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of the metallic gas thickness was 600 µm and 1 nm for the non-annealed and anneal 
sample, respectively [16]. This suggests oxygen vacancies and charge transfer are both 
possible mechanisms for high conductivity, and oxygen vacancies can be ruled out as a 
factor in samples annealed with a high O2 pressure. Additionally, Reyren et al. 
demonstrated two-dimensional superconductivity and estimate the conducting thickness 
was 10 nm or smaller [7]. They concluded that oxygen vacancies could not explain how 
their sample could be both insulating and superconducting [7]. Most of these publications 
indicate that the conducting layer is located in the STO substrate or near the LAO-STO 
interface, but the precise location varies. This indicates the growth conditions may 
strongly influence the conducting layer thickness and location.  
Further studies have revealed a rich electronic phase diagram at the interface of 
LaAlO3 and SrTiO3, including insulation, 2-D and 3-D metallicity, magnetic scattering 
and superconductivity [17] (For a review, see Huijben et al. [17]). The richness of the 
interfacial electronic phase diagram has been attributed to three structural parameters, 
oxygen vacancies, structural deformation including cation disorder, interfacial electronic 
reconstruction from a polar discontinuity [17]. 
Most of the literature in the subject assumes perfectly coherent films and sharp 
interfaces between LAO and STO, and does not account for interdiffusion of cations 
through the interface. La mixing or doping into SrTiO3, for example, is known to have 
metallic-like conductivity in certain stoichiometries [18, 19]. Nearly all the published 
literature investigates samples grown by PLD, which is considered to be a more energetic 
impinging growth method to the substrate than molecular beam epitaxy (MBE) [20, 21]. 
The high energetics of PLD and low O2 pressure can induce defects and oxygen 
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vacancies, which can lead to conducting interfaces and reduced interface abruptness [12, 
20, 21]. Although most groups claim the interfaces are sharp, few investigations use high 
resolution imaging and spectroscopy to prove this. One notable exception is Wilmott et 
al., who found evidence using surface x-ray diffraction (SXRD) to show the interface is 
not abrupt [22].  Surprisingly, Sr and La atoms intermix at greater depths than Ti and Al 
measured using SXRD [22]. However, the scarcity of direct imaging studies by electron 
microscopy is surprising given high resolution STEM is sensitive to heavy dopant atoms 
in a lighter substrate, such as La substitution on Sr sites [23]. For La and Ti atomic 
columns, the EELS signal is favorable strong, and can be mapped at atomic resolution. 
Of those groups who do use electron microscopy, Nakagawa et al. and Huijben et al. 
show STEM images of their films which show obvious non-stoichimetries and interface 
roughness in their samples [4, 5]. Reyren et al. shows a HAADF STEM image of  a LAO 
film coherent to the STO substrate but with reduced contrast in the top 10 – 15 u.c. of 
STO, which indicates deficiencies of Sr, Ti, or O and/or strain, as well as non-uniform 
contrast in the LAO film, which indicates deficiencies of La [7]. Given that the contrast 
of the bottom portion of the STO substrate in their figure has uniform contrast, the 
contrast non-uniformities in the upper part of the STO substrate and LAO film are not 
related to TEM cross-sectional specimen preparation, and are instead inherent to growth 
or post-growth annealing conditions. Verbeeck et al. use EELS to suggest that Ti does not 
intermix into LAO films, however, their EELS spectroscopy was undersampled spatially 
and was not high enough to judge interface abruptness [24]. For the charge polarity near 
the interface, the results of Nakagawa et al. and Verbeeck et al. are contradicting in the 
measurement of Ti valence in the STO substrate or films near the interface [4, 24]. 
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Verbeeck et al. finds the Ti valence is nearly 4+ while Nakagawa et al. find the Ti 
valence is close to 3.5+. Jia et al. find the interfaces are sharp but the oxygen octahedron 
are distorted [25]. In addition, defects such as misfit dislocations at the LAO-STO 
interfaces have not been thoroughly investigated. Therefore, a high resolution study of 
the interfaces of LAO and STO can be informative about the nature of conducting 
interfaces, the extent of interdiffusion, and Ti valence. Conducting samples were obtained 
from Professor Jochen Mannhart at the University of Augsburg and Professor Harold 
Hwang at the University of Tokyo in collaboration with Dr. Scott Chambers of the 
Pacific Northwest National Laboratory, who performed complementary characterization 
[2]. The samples were requested to be grown under conditions that reproduce a highly 
conducting oxide interface. Atomic scale studies were performed using aberration 
corrected STEM, atomic scale EELS, and nanoarea electron diffraction. By performing 
higher resolution studies  than were previously reported, we are able to show both direct 
imaging and spectroscopy at higher spatial resolution and better signal to noise that 
shows direct evidence of interdiffusion in the above samples, which may play a critical 
role in interface conductivity and other transport properties. 
7.2 Experimental 
Samples were grown using on-axis pulsed laser deposition (PLD) at the University 
of Augsburg and University of Tokyo. For comparison and to avoid additional roughness 
caused by strain in superlattices as the amount of strain increases with thickness, the 
samples were grown as a single 25 unit cell thick film of LaAlO3 (LAO) on the SrTiO3 
(STO) substrate. The growth conditions detailed in Table 7.1 were set to produce high 
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conductivity values reported in publications by both groups. The <001> oriented STO 
wafers were prepared for TiO2 termination using a buffered HCL etch. A single film of 
25 unit cells thick of LAO was grown on the substrate at 770 °C with 8 x 10-6 Torr O2 for 
the Augburg sample, and 700 °C with 1 x 10-5 Torr O2 for the Tokyo sample. No 
additional annealing was performed between the growths of each layer. The Augsburg 
sample was cooled to room temperature over a 2.5 hour time period at a partial pressure 
of 400 mbar O2 with a one hour anneal at 600 °C. The Tokyo sample was cooled to room 
temperature at a rate of 30 °C/minute at 1 x 10-5 Torr O2. The growth of both samples 
were monitored similarly using in-situ real-time readings of reflection high energy 
reflection diffraction (RHEED) intensity oscillations to achieve layer-by-layer epitaxial 
growth and the designed 25 unit cells thickness of the LaAlO3 film. Portions of the wafer 
were cut and sent to several laboratories for analysis. Portions received here were cut into 
smaller pieces for studies with electron microscopy. Specimens were prepared following 
the procedures described in Ch. 2 and Appendix A, and care was taken such that the ion 
milling guns were defocused such that the measured beam current at 4.0 kV was 22 µA 
or less. This led to ion milling rates slightly less than 1 µm per hour. Immediately prior to 
observation in the electron microscopes, the specimens were plasma cleaned for 1 
minute. 
Table 7.1: Growth parameters for PLD grown LAO films on STO substrates. 
 
Sample 
Working 
Distance 
(mm) 
Laser 
Energy 
(mJ/ pulse) 
Laser  
Spot Size 
(mm2) 
Repetition 
Rate 
(Hz) 
Substrate 
Temp. 
(°C) 
Growth 
PO2  
(Torr) 
Annealing 
PO2  
(Torr) 
Tokyo 55 39 5.6 4 700 1 x 10-5 1 x 10-5 
Augsburg 50 450 48 1 770 8 x 10-6 300 
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Atomic resolution HAADF STEM imaging was acquired using the JEOL 
JEM2200FS installed at the University of Illinois and the TEAM 0.5 Titan microscopes 
at the National Center for Electron Microscopy at Lawrence Berkeley National 
Laboratory. The aberration correctors were tuned in each case to the optimum probe sizes 
of ~1.0 Å at 200 kV and 1.5 Å at 80 kV, respectively. Atomic scale EELS studies were 
carried out using the TEAM 0.5 Titan microscope coupled with a Gatan Image Filter 
(Tridiem ER). The acceleration voltage was selected at 80 kV to reduce the electron 
beam knock-on damage to the specimen. The spectrometer semi-collection angle was set 
at ~60 mrad and the dispersion was set at 0.1 eV/channel for a range of 204.8 eV in order 
to observe EELS near edge structures at high energy resolution.  At 0.1 eV/channel, the 
titanium (Ti) L2,3 and oxygen (O) K edges can be collected simultaneously, as well as the 
aluminum (Al) L2,3 and lanthanum (La) N4,5 edges, while the La M4,5, Al K, and Sr L2,3 
were recorded separately due to limitations in the energy loss range. The Ti L2,3, O K, La 
Al L2,3 N4,5, and La M4,5 are presented here with a power law background subtraction. 
Principal component analysis was performed in collaboration with Dr. Quentin Ramasse 
at SuperSTEM on the Al K and Sr L2,3 edges to reduce noise levels of  the as-acquired 
EELS spectra, and a power law was used  for background subtraction. The EELS spectra 
were acquired discretely along a line across the sample (linescans) in the STEM mode. 
Images acquired during the EELS experiment have an inner cutoff angle of 120 mrad for 
the annular dark field detector. Consequently, the images acquired with the EELS line 
profiles have weaker HAADF intensity than what is ideal for the highest resolution 
STEM imaging. We used the JEOL JEM2200FS microscope to obtain high resolution 
HAADF STEM imaging at 200 kV. An inner collection angle of 100 mrad was used for 
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high resolution HAADF imaging in the JEOL JEM2200FS. For imaging and diffraction, 
several thin areas of the specimen were investigated for a representative study; this was 
done to avoid the experimental bias that may arise from sampling a particular small 
region. Large field of view atomic resolution STEM images were acquired to survey 
characteristic features at the interfaces. Large scans are made possible by the aberration 
corrected STEM, due to the increased stability in high stability room environments. For 
EELS, areas where the film and substrate were well oriented were selected for 
investigations and areas where severe bending occurred were not investigated. Nanoarea 
electron diffraction patterns were acquired in JEOL JEM2010F transmission electron 
microscopy (TEM) operating at 197 kV. The probe size is ~55 nm with a divergence 
angle less than 0.05 mrad.  
7.3 The Atomic Structure of the Film 
Figure 7.1 shows HAADF images from the Augsburg and Tokyo samples with 
the STO substrate oriented on the [001] zone axis taken with a HAADF inner collection 
angle of ~100 mrad. Since this cutoff angle is large, the weaker scattering from the epoxy 
is not observed in the HAADF images. Figure 7.1a is a representative image of the 
Augsburg sample. Both the LAO film and ~5 nm of the underlying STO substrate are 
slightly misoriented from the rest of the STO substrate. This results in smearing HAADF 
contrast of the B-site Al and Ti atomic columns. There is also a narrow band of reduced 
contrast just below the LAO-STO interface marked by arrows in Figure 7.1, which shows 
wavelike regions. The reduced contrast points to deficiencies in the atomic species of Sr, 
Ti, and/or O, substitution of lighter elements in these atomic columns, or changes in 
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crystal orientation. According to the literature, oxygen vacancies [11, 12, 21] or 
migration of Ti may be expected during the energetic growth of PLD. Additionally, 
contrast in the LAO film is reduced in several patchy areas. Areas of reduced contrast in 
the LAO film may be caused by deficiencies of La. The misorientation of the film and the 
first 5 nm of STO from the underlying STO substrate is a strong indication of strain. A 
representative nanoarea electron diffraction of the Augburg sample in Figure 1b shows a 
clear splitting between the reflections from the LAO film and the STO substrate in the 
out-of-plane direction. The film is compressively strained in the out-of-plane direction 
with a lattice parameter of 3.797 Å and fully strained to the STO substrate with an in-
plane lattice parameter of 3.905 Å. This c lattice parameter is larger than the value of 
3.73 Å measured by XRD [2]. In bulk form, Howard et al. reported LAO is cubic at 
temperatures above ~830 K and distorts into a rhombohedral perovskite crystal structure 
at lower temperatures [26]. The nanoarea electron diffraction confirms a tetragonal LAO 
film constrained by the STO substrate without misfit dislocations. A survey of STEM 
images in different regions of the Augsburg sample revealed no misfit dislocations and 
confirms the diffraction results. From the HAADF imaging alone, the interdiffusion of La 
appears to be limited to ~1 nm into the STO substrate. EELS will be shown in the next 
section to discuss interdiffusion and EELS near edge fine structure of the other elements. 
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Figure 7.1 (a) Representative HAADF image from the Augsburg LAO-STO sample. The 
LAO film is grown coherently to the underlying STO substrate with a slight 
misorientation. Arrows mark a reduced contrast region of the STO substrate which was 
found throughout the sample. (b) Electron diffraction shows out-of-plane compressive 
strain while the film is coherent to the substrate in the in-plane direction. (c) A HAADF 
image of the Tokyo sample reveals misorientation to a large area of the underlying 
substrate. 
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Figure 7.1c shows a HAADF image from the University of Tokyo sample. Unlike 
the Augsburg sample, the Tokyo sample has varying amounts of defects in different 
regions. In this image, both the LAO and a large 10 - 15 nm region of STO is misoriented 
from the underlying STO substrate, as shown by the change in image contrast in inset 2. 
At the interface, there is a gradual change in the STEM contrast suggesting mixing of the 
heavy atom (La) insets into the STO substrate. Throughout the LAO film, there are areas 
of reduced contrast suggesting deficiencies of La; Al and O deficiencies may also be 
present but cannot be detected HAADF imaging alone because the Z contrast is weak. 
Figure 7.2a shows an image with a smaller region of misoriented STO, which indicates 
that there are varying strain in different parts of the sample. Figure 7.2b shows a 
diffraction pattern from an area similar to the image in 7.2a. The diffraction pattern 
shows that there is out-of-plane compressive strain in the film with respect to the STO 
substrate. The out-of-plane lattice parameter was measured as 3.792 Å from the (004) 
reflection (not shown). Higher order reflections such as (0 -3 5) show in-plane lattice 
mismatch. 
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Figure 7.2: (a) STEM image from the Tokyo sample in a region where the strain is small. 
(b) Corresponding diffraction pattern shows primarily compressive strain in the out-of-
plane direction and a small in-plane strain. 
 
Figure 7.3 shows an deficient La-O layer at the top of LaAlO3 film. Directly 
below the deficiency marked by the arrow, at the LAO-STO interface, there is increased 
HAADF contrast in the substrate which indicates interdiffusion of La into the STO 
substrate. This is accompanied by misfit dislocations between the LAO film and STO 
substrate. Misfit dislocations were found in several areas of the specimen. The inset 
shows a diffraction pattern from a similar area with misfit dislocations. The out-of-plane 
lattice parameter was measured from the (004) reflection to be 3.814 Å. This is larger 
than the c lattice parameter from the Augsburg sample, which suggests that misfit 
dislocations provide a strain relief mechanism for tetragonal distortion. There are 
additional spot splittings in the in-plane direction which are visible in the (0 -4 2) and (0 -
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5 1) reflections). These show an incoherent interface of the LAO film to the substrate, 
which leads to misfit dislocations. The introduction of misfit dislocations, in general, 
allows for lattice parameters of varying size to accommodate the strain. The structural 
analysis of the STEM images and diffraction patterns shows misfit dislocations 
throughout the Tokyo sample. 
 
Figure 7.3: HAADF image of the Tokyo sample shows misfit dislocations at the LAO-
STO interface. The inset shows electron diffraction from a similar misfit dislocation. The 
strain relief allows for a larger lattice parameter in the in-plane direction. 
 
7.4 Interdiffusion Determined by Electron Energy Loss Spectroscopy  
 Figure 7.4 shows an EELS linescan with the Ti L2,3 and O K edge from the 
Augsburg sample. The specimen area was chosen such that the misorientation of the 
LaAlO3 and SrTiO3 was small so that both film and substrate were close to the zone axis 
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orientation in order to ensure the electron probe was sharp and well focused. The linescan 
is acquired at an interval of 1 EELS spectrum per ~1 Å to sample regions on and off 
atomic columns. The atomic scale EELS resolution is evidenced by the on and off atomic 
column contrast of the Ti L2,3 EELS linescan recorded from the STO substrate, and the 
extent of the fine electron probe is evidenced in the HAADF STEM image. Over the 
course of the 5 minute linescan acquisition time, the sample stage drifted by 2 Å in the 
downward direction. The amount of sample drift was measured by the difference between 
recorded STEM images before and after EELS acquisition and the simultaneously 
acquired HAADF signals. The stage drift before and after EELS acquisition in the in-
plane direction is of the same order. The amount of drift is lower than a typical an 
aberration microscope with a side entry stage (0.5 to 2 Å per minute) due to the attention 
to room design of the TEAM 0.5 microscope [27, 28]. The long acquisition time we used 
allows for high quality energy loss near edge structure (ELNES) with a large collection 
angle. The recorded Ti L2,3 edge shows the characteristic splitting of the t2g-eg orbitals 
into 4 peaks, and indicates a 4+ Ti valence.  
 To measure the interdiffusion of Ti into the LAO film, we integrated the intensity 
under the EELS edges for each spectrum along the linescan. We define the interdiffusion 
as the distance where the measured signal drops to 10% of its maximum value. Some Ti 
signal is expected to be detected in the LAO film due to probe spreading and 
delocalization of inelastic scattering, but these should be small and have a tail that 
follows a smooth drop in intensity. The Ti signal extends up to 3 unit cells into the LAO 
film and has EELS step modulations, indicating interdiffused Ti into the film. This is also 
supported by a sharp decrease in the O K edge prepeak, which was observed when the 
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probe moves from a STO film to a LAO film [4]. Gradually over the line scan, the 
simultaneous HAADF signal, which is most sensitive to La and Sr atomic columns, 
becomes displaced by 2 Å from the HAADF signal from a line profile of the STEM 
image taken before the EELS scan, which is the error of our measurement of 
interdiffusion. 
 
Figure 7.4: EELS linescan shows Ti intermixing into the LAO film up to 3 unit cells. The 
stage drifted 2 Å downwards during the linescan.  
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 The analysis of EELS fine structure allows an understanding of the interfacial 
electronic states between the LAO film and STO substrate, as well as a determination of 
the Ti valence. Figure 7.5 shows a portion of the line profile from Figure 7.4, with the 
individual background subtracted Ti L2,3 and O K edge spectra. A spectrum was acquired 
along the line in 1 Å steps. The O K edge spectra were smoothed with a 2.0 eV low pass 
filter in the energy axis to reduce the gain variations of the detector pixels and to show 
the significant differences between spectra. In the STO substrate, the edge shows the 
characteristic t2g-eg splitting, and indicates a 4+ valence for Ti. As the probe scans beyond 
the LAO-STO interface, the Ti signal is still relatively strong 2 unit cells into the LAO 
film, and weaker 3 unit cells into the LAO film. This was consistent in multiple EELS 
line scans taken in different regions of the sample. The drop in Ti signal is more gradual 
in this LAO film than the sharp interface of other non-titanate MBE films grown on 
SrTiO3 substrates, indicating the interdiffusion distance is greater than the signal 
delocalization (whose half width at half maximum is 2 Å in STO) from a sharp interface, 
and that the interface is not atomically abrupt. 
 Additionally, there is no shift of the second and fourth peak maximums, which 
should be clear if the Ti valence is 3+ mixed 3+/4+ at the interface [18]. This result 
differs from the work of Nakagawa et al., who observed a small amount of Ti 3+ 
character [4] in the STO substrate side of the interface and suggested charge transfer from 
the polar LaO into the interfacial TiO2 layer.[1]  Recent work reported by Verbeeck et al. 
also showed a lack of Ti 3+ character at the interface, and estimated the Ti valence near 
the interface was 3.8+ or greater [24]. Verbeeck et al. did not detect intermixed Ti into 
LAO [24]; however, the data we acquired has a significantly smaller probe size (~1.5 Å 
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versus ~5 Å), improved sampling (1 point per 1.0 Å vs 1 point per 1 point per 3.0 – 7.5 
Å), and a larger spectrometer collection angle (60 mrad vs 25 mrad) This allows us 
isolate the electron probe to the interface with improved spatial resolution and better 
signal to noise ratio, which aids in detecting small concentrations of cations. 
 The O K edge can be used to observe the mixing of electronic states and presence 
of oxygen vacancies [4, 29]. The three peaks in the O K edge are attributed to 3d states of 
Ti, 4d states of Sr or 5d states of La, and 4sp states of Ti [30-32]. The reference spectra 
from bulk references in Nakagawa’s paper shows the prepeak is strong in STO films and 
absent in LAO films [4]. In this work, the prepeak can be used to detect the extent of 
interdiffusion distances as it has characteristic features in STO and LAO films. Figure 
7.5c shows the corresponding O K edge for the linescan across the interfaces. The 
linescan shows the prepeak of the O K edge is significant 2 unit cells into the LAO film 
indicating a mixture of STO electronic states into the LAO. The farthest extent of these 
states is marked by a circle in Figure 7.5a and the arrow in Figure 7.5c. Figure 7.5d and 
7.5e show the corresponding Ti and O spectrum at this position, which clearly shows 4 
strong peaks in the Ti L2,3 edge and a prepeak in the O K edge, indicating both Sr and Ti 
interdiffuse into the LAO film. If Ti alone is interdiffused, LaTiO3 is nominally formed.  
The Ti valence would be expected to be 3+, as the four white lines in the Ti L2,3 edge 
should merge into two lines, and the white line positions should  shift in energy loss. The 
second peak can also be used to detect intermixing of Sr into the LAO film. Since the Sr 
L2,3 edge has a weak cross section, the fingerprinting with the O K edge is more precise 
to judge the extent of intermixing. There were no fingerprints of intermixed SrTiO3 and 
LaAlO3 in the literature at the time of this writing, so fingerprints of closely matched 
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compounds were used for comparison. X-ray absorption spectroscopy (XAS) studies Sr 
doping in LaTiO3, [33] LaFeO3 and LaMnO3 [34] show the second peak of the O K edge 
to shifts towards higher energy loss as the Sr doping is increased. The shift in the second 
peak is attributed to the change from bands of La 5d to bands of Sr 4d character [34]. The 
energy loss value for the valley between the second and third peaks also shifts with the 
second peak. The dotted lines in Figure 7.5a and 7.5c show the region where the 
minimum shifts from the TiO2 terminated layer to 2 unit cells into the LaAlO3 film. Since 
the changes in the prepeak intensity and shift of Sr 4d to La 5d bands are gradual, this 
indicates the Sr is intermixed ~ 2 unit cells into the LAO, which is similar to the Ti 
intermixing. 
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Figure 7.5: (a) A portion of the linescan in Figure 7.4 is used to evaluate the EELS fine 
structure. (b) Ti L2,3 edge shows Ti interdiffusion into the LAO film and (c) O K edge 
shows prepeak signature of STO in the LAO film. Magnified view of the spectra marked 
with the arrow shows the (d) Ti valence is 4+ and (e) the prepeak of STO is 2 unit cells 
into the LAO film. 
 
Figure 7.6 shows an EELS linescan of the Al L2,3 edge at ~90eV and La N4,5 edge 
at ~120 eV. The La signal in the LAO film decreases 11 unit cells (4.2 nm) from the 
LAO-STO interface, and drops more rapidly 4 unit cells from the interface. The 
integrated signal drops to 10% of the maximum signal at 3 unit cells below the LAO-
STO interface. A small fraction of this signal is to be expected from signal delocalization. 
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To separate interdiffusion from delocalization, a derivative of the EELS profile is helpful 
to compare the two phenomena. If the interface is atomically abrupt, the derivative of the 
integrated intensity would be expected to be symmetric about the LAO-STO interface for 
a step function of La concentration convoluted with a delocalized electron signal. The La 
N4,5 edge was first smoothed with a 10-pass Gaussian filter to reduce the effective 
changes in concentration in La concentration due to the atomic stepping on and off La 
columns. Figure 7.6 shows the resultant derivative overlapped with the unprocessed 
integrated intensity. The derivative shows the rate of decay of the La signal is not 
symmetric about the interface position at 7.2 nm. This clearly shows interdiffusion of La 
atoms from the LAO film into the substrate. Additionally several unit cells of LAO have 
reduced La concentration.  The Al L2,3 edge signal in the LAO film drops 6 unit cells 
above the interface. The exact position where the Al signal falls below 10% is 
problematic as a Ti M1 or Sr M4,5 edge appears in the STO substrate. However, a visual 
inspection of the white line intensity in the spectrum image appears to approach a 
minimum value at the LAO-STO interface.  
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Figure 7.6: EELS linescan shows La intermixing into the STO film up to 4 unit cells. The 
stage drifted 2 Å downwards during the linescan. 
 
The Al K edge at ~1575 eV was acquired in addition instead since there are no 
overlapping edges in the energy loss range. Figure 7.7 shows an EELS linescan of the Al 
K edge. Although the edge is relatively weak, it is relatively localized edge because Al is 
a light atomic column and the core loss energy is high. The linescan shows the intensity 
of Al begins to decrease 2 unit cells from the LAO interface and intermixes into the STO 
substrate by 2 unit cells, or 0.8 nm. Figure 7.7 also shows an EELS linescan of the Sr L3 
edge at 1945 eV taken in a nearby region. Similar to the Al K edge, it is relatively 
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localized due to the high energy loss. The Sr intensity decreases 2 unit cells from the 
interface and intermixes 4 unit cells into the LAO film.  In both cases the stage drift is ~ 1 
Å in the out-of-plane direction. Both the Al K edge and Sr L3 edges have relatively weak 
cross sections for inelastic scattering compared to multiple scattering. Consequently, the 
noise signals in the detector are moderate for these high core losses. This may cause the 
integrated intensities to underestimate the composition both in the films and across the 
interfaces. 
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Figure 7.7: EELS linescan shows a sharp drop in intensity of Al and Sr edges near the 
interface. The stage drifted 1 Å downwards in the Al linescan and 1 Å upward in the Sr 
linescan. The fit of the Sr L3 edge shows the modulations in intensity in the LAO film are 
not typical for EELS delocalization expected from an atomically abrupt interface. 
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 Figure 7.8 shows the simultaneously recorded Ti L2,3 and O K edges from the 
University of Tokyo sample. The Ti interdiffusion into the LAO film interdiffuses 4 unit 
cells into the LAO film, shown by the on-column intensity of the Ti edge. The 
simultaneously acquired O K edge prepeak decreases at the TiO2 terminated surface of 
the STO substrate. In comparison to the Augburg sample, the extent of Ti interdiffusion 
in the Tokyo sample is greater. 
 
Figure 7.8: EELS linescan shows Ti intermixing into the LAO film up to 4 unit cells. The 
stage drifted 1 Å upward during the linescan. 
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 Figure 7.9a shows a section where the corresponding  EELS near edge structures 
of the Tokyo sample were evaluated. The O K edge spectra were smoothed with a 1.0 eV 
low pass filter. Each spectrum is spaced by 1 Å. Figure 7.9b shows the 4 peaks in the Ti 
L2,3 edge intensity of indicates a 4+ valence and this feature is significant 3 unit cells into 
the LAO film. At the fourth unit cell into the LAO film, the signal becomes noisier. The 
O K prepeak in Figure 7.9c is significant 3 unit cells into the LAO film. The shift of the 
second peak and minimum between the second and third peak of the O K edge shows a 
similar trend as the Augsburg sample. This intermixing of Sr into the LAO film reaches 3 
unit cells. The circle in Figure 7.9a marks the extent to where the O K prepeak is 
significant. Figure 7.9d and 7.9e show the corresponding Ti and O spectra at this 
position. The Ti spectrum clearly indicates a 4+ valence and the O spectrum clearly 
indicates a prepeak in the LAO film. 
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Figure 7.9: (a) A portion of the linescan in Figure 7.8 is used to evaluate the EELS fine 
structure. (b) Ti L2,3 edge shows Ti interdiffusion into the LAO film and (c) O K edge 
shows prepeak signature of STO in the LAO film. Magnified view of the spectra marked 
with the arrow shows the (d) Ti valence is 4+ and (e) the prepeak of STO is 3 unit cells 
into the LAO film. 
 
 Figure 7.10 shows a La N4,5 and Al L2,3 edges from the Tokyo sample. Although 
the La signal only mixes to 2 unit cells into the STO substrate, the intensity of the La 
signal drops 3 unit cells before the interface, leaving behind open sites for other atoms to 
diffuse into. The Al L2,3 edge appears fairly sharp to the LAO-STO interface. 
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Figure 7.10: La N4,5 and Al L2,3 edges from the Tokyo sample. The La signal is clearly 
interdiffused into the STO substrate. The Al L2,3 edge indicates Al diffuses little into the 
STO substrate. The stage drifted 1 Å upward during the linescan. 
 
 
 Figure 7.11 shows a La M4,5 EELS linescan that was acquired from an area that 
showed clear interdiffusion in the HAADF image. A close inspection of the HAADF 
image shows a misfit dislocation the LAO-STO interface. The dislocation may provide 
the driving force for La cations to exchange positions with Sr cations at the interface. The 
La cations intermix to 9 unit cells (3.5 nm) below that growth interface, although clearly 
the intermixing varies laterally throughout the sample. In other regions of the sample, the 
La interdiffusion was consistently observed to reach 3 nm or greater. Table 7.2 shows the 
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La interdiffusion distances for all five La M4,5 linescans. The interdiffusion distance was 
between 7 and 8 unit cells (2.8 to 3.9 nm). The stage drift during La M4,5 edge acquisition 
was always downwards and 1 unit cell (0.4) nm or less. Interestingly, the La M4,5 
intensity varies significantly within the LAO film, reaching a local minimum in the 
middle of the film in Figure 7.11. This also corresponds with reduced HAADF intensity 
in the image. The difference in interdiffusion distance between the La M4,5 edge and La 
N4,5 edge shows that different regions of the sample have different interdiffusion 
distances. This agrees with the STEM images, which shows different thicknesses of 
strained SrTiO3 in different regions. The delocalization predicted by Egerton’s model 
using 76% of the EELS signal (See Chapter 8 for details) and a 2 Å effective probe size is 
0.6 nm for La N4,5 and 0.3 nm for La M4,5. The signal from La M4,5 clearly exceeds the 
delocalization if the interface is atomically abrupt.  
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Figure 7.11 La M4,5 EELS linescan through the Tokyo LAO-STO sample. The stage 
drifted 4 Å downward during the linescan. 
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Table 7.2: Interdiffusion distances of La measured by the La M4,5 edge EELS. 
Linescan No. of unit cells 
below interface that 
contains > 10% max. 
of La M4,5 peak 
intensity 
No. of unit cells 
below interface that 
contains > 10% max 
La M4,5 integrated 
intensity 
Drift Rate in Out-of-
plane direction (unit 
cells) 
1 7 7 1 
2 7 7.5 1 
3 8 - 9 8 0.5 
4 8 8 1 
5 9 8 1 
 
Figure 7.12 shows the Al K and Sr L2,3 edges from the Tokyo sample. The Al K 
edge is sharp to the interface, and decays within a single unit cell. The Sr L3 edge extends 
to 3 unit cells in the LAO film. The extent of intermixing is more difficult to measure due 
to the weak scattering cross sections for this edge; however, it is clear that the 
interdiffusion of Sr is clearly less than that of La. 
 
Figure 7.12: EELS linescan shows a sharp drop in intensity of Al and Sr edges at the 
interface. The stage drifted 4 Å upward in the Al linescan and 2 Å upward in the Sr 
linescan. 
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7.5 Discussion 
 
Both the Augsburg and Tokyo samples show an interdiffusion region at the LAO-
STO interface, where Ti and La interdiffuse. The HAADF image and EELS linescans 
show the Augsburg sample has a sharper interface, despite being grown at a high growth 
temperature and annealed for a longer time period. The electron diffraction shows a 
coherent LAO film to the STO substrate. The Tokyo sample showed misfit dislocations at 
the LAO-STO interface. The strain relief provided by the misfit dislocations may provide 
a driving force to allow for further interdiffusion that coherent interfaces. 
The EELS line profiles directly show Ti interdiffusion into the LAO film and La 
interdiffusion into the STO substrate. The Ti edge is relatively constant in the STO 
substrate and decreases into the LAO film The La signal varies within the LAO film and 
decreases a few unit cells into the STO substrate. The varying La content is also 
evidenced by the varying intensity of the La columns in the film, which shows growth 
defects and vacancies. The Al and Sr edges are weaker signals and the relatively high 
noise levels excluded these signals from a precise composition analysis. However, the O 
K edge clearly shows Sr intermixing in the LAO film, while the La N and M edges show 
exchange of La into the STO substrate. The La M edge of the Tokyo sample shows 
interdiffusion far into the STO substrate likely due to defects such as misfit dislocations 
at the film-substrate interface. The O K prepeak signature is significant ~3 unit cells into 
the Augburg LAO film and ~4 unit cells into the Tokyo LAO film. The Ti signal extends 
~1 unit cell farther into the LAO film than the O K edge prepeak of both samples, which 
may point to variable interdiffusion rates among the cations. 
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The above results show clear interdiffusion of several cation species across the 
STO-LAO interface. This shows clear evidence that the polar catastrophy model must 
take into account intermixing and defects. The valence of Ti is clearly 4+ in these 
samples, both in the STO substrate near the interface and the interidiffused Ti into the 
LAO film. This indicates the interfacial TiO2 sublayer is not accepting donated electrons 
from the LaO sublayer. The defects in the underlying layer of the STO substrate varies 
between samples. For high oxygen pressure growth, the defect layer is a few unit cells in 
thickness. For low oxygen pressure growth, the defect layer is considerably thicker. High 
resolution STEM images of past studies also show these defect layers [4, 24]. While the 
dark contrast in this weaker layer maybe be partially due to off axis tilting of the film as a 
result of strain between the LAO film and STO substrate, the contrast may also indicate 
oxygen deficiencies, interdiffusion of Al into STO, and interdiffusion of Sr into LAO. 
7.6 Conclusion 
 STEM, EELS, and nanoarea electron diffraction were used to investigate 
interdiffusion of cations across the interface of LAO and STO. Samples obtained from 
two different growth groups who grew samples with different conditions both showed 
interdiffusion of several cations. The interdiffusion distances appear to increase if there 
are defects in the sample such as misfit dislocations. These defects may provide a driving 
force to intermix. 
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CHAPTER 8 
SPATIAL RESOLUTION OF ELECTRON ENERGY LOSS SPECTROSCOPY 
 
 The introduction of the aberration corrected scanning transmission electron 
microscope has allowed researchers to obtain analytic spectroscopy from smaller regions 
than before. The possibility to obtain atomic resolution electron energy loss spectroscopy 
is evaluated here. The resolution of electron energy loss spectroscopy (EELS) is limited 
by delocalization of inelastic electron scattering rather than probe size in an aberration 
corrected scanning transmission electron microscopy (STEM). In this study, we present 
an experimental quantification of EELS spatial resolution  using chemically modulated 2 
× (LaMnO3)/ 2× (SrTiO3) and 2 × (SrVO3)/ 2× (SrTiO3) superlattices by measuring  the 
full width at half maxima (FWHM) of integrated Ti M2,3, Ti L2,3, V L2,3, Mn L2,3, La N4,5, 
La N2,3 La M4,5 and Sr L3 edges over the superlattices. The EELS signals recorded using 
large collection angles are peaked at atomic columns. We fit the measured FWHM of the 
EELS profiles for these edges and compared them to Egerton’s empirical delocalization 
model with a diameter of 76 percent intensity, which matches well with the Ti, V, and 
Mn edges. However, the experimental FWHM of the Sr and La edges deviates 
significantly from the model’s prediction. This chapter is used with permission from Ref. 
[1]. 
8.1 Introduction 
The correction of spherical aberration in the scanning transmission electron 
microscope (STEM) has allowed for atomic resolution imaging using a 1 Å or smaller 
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electron probe [2-9]. The same probe combined with electron energy loss spectroscopy 
(EELS)  can be used for composition analysis or a study of local electronic structures 
using inner shell ionization edges [10-12]. Especially, local electronic structure can be 
mapped out by acquiring successive energy loss spectra across an area of interest using 
the focused electron probe. The sensitivity of EELS to local electronic structures has been 
demonstrated by several groups [13-20]. The local probe is especially useful for 
interfacial studies; a large fraction of interfacial signals can be obtained by positioning a 
fine electron probe at the interface [21]. The spatial resolution of the STEM-EELS 
technique is determined by the electron probe size, the stability and precision of the 
electron beam, probe propagation through the sample, the inelastic scattering cross 
section and electron multiple scattering. In a conventional STEM equipped with a field 
emission gun, the image resolution is limited by the spherical aberration (Cs) of the 
objective lens to ~2 Å. For EELS, an electron probe that maximizes current is often 
needed to improve the signal/noise ratio, and this leads to a larger probe size.  For 
example, using an oxide superlattice designed with one and two layers of LaMnO3, Shah 
et al. demonstrated that the resolution of such a microscope with a Schottky emitter was 
not sufficient to resolve the two La atomic columns separated at 4 Å for an energy loss 
near edge structure (ELNES) study [16]. With the development of the new generation of 
STEM/TEMs equipped with a probe aberration corrector based on either hexapole lenses, 
a combination of quadrupole and octupole, or dodecapole lenses [6, 22-25], it is now 
possible to form electron probes as small as 1 Å, or less with a large convergence angle.  
The large convergence angle results in a factor of 3 – 10 improvement in the probe 
current. Additionally, the improved electronic stability of aberration corrected 
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instruments and strict requirements for ultra stable room design also improve the stability 
and precision of the stage and allow data collection using relatively long acquisition 
times without significant sample drift.  
 A major limiting factor in the spatial resolution of EELS is the localization of 
collected EELS signals [10, 26, 27]. In the classical scattering model, localization is 
represented by the impact parameter (d) of incident electrons. The majority of inelastic 
scattering occurs with the electron falling inside the impact parameter. A small impact 
parameter is associated with large angle scattering, so a large collection angle must be 
used for EELS in order to observe a localized inelastic event.  Egerton proposed that if 
all, or nearly all, inelastic scattered electrons are collected, the diameter containing 50% 
of the inelastically scattered electrons is d50 = 0.52 /<>, where E Cθ θ θ=  is the 
median inelastic scattering angle for the energy loss,  / 2E oE Eθ =  for the characteristic 
inelastic scattering angle, Cθ for the largest inelastic scattering angle collected, and  for 
the electron wavelength [10]. This empirical model predicts that localization is more 
pronounced at high energy loss [28]. Quantitative calculations of the EELS signal 
localization require a quantum mechanical treatment of electron elastic and inelastic 
scattering [8, 29-31]. Such studies based on atomic models together with experiment have 
shown that using a small collection angle can lead to imaging artifacts, such as image 
contrast reversals or non-central peaks (volcanoes) in EELS maps, [8, 26, 30] resulting 
from interplay between multiple elastic and inelastic scattering [32]. Especially, elastic 
scattering after an inelastic scattering event deflects electrons away from the center in 
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samples that contain heavy atomic columns [26]. More recent experimental studies have 
shown these artifacts can be avoided by using large EELS collection angles [17, 33-35]. 
Several groups have demonstrated atomic scale 2D elemental mapping using 
dedicated, cold field-emission based STEMs [33] and aberration corrected STEMs [8, 17-
19, 36] using large EELS collection angles. For examples, Muller et al. mapped the 
chemical composition of cations in a La0.7Sr0.3MnO3-SrTiO3 superlattice [17]. Varela et 
al. mapped the position of O atomic columns in LaMnO3 and showed the O octahedron is 
distorted in real space [37]. A recent study by Botton et al. showed atomic scale two-
dimensional EELS mapping at 80 kV and 200 kV [35]. All of the above experiments 
show centrally peaked EELS signals at atomic columns, suggesting the experimental 
EELS maps can be quantified using simple response functions. Such an approach will be 
useful for quantification of EELS map intensities. Here, we report the quantification of 
EELS spatial resolution based on a study of a short period superlattice of 
2×(LaMnO3)/2×(SrTiO3) (LMO-STO). This superlattice was previously investigated to 
study its interfacial electronic structure using O K edges. The small repeat of this 
superlattice and the presence of several favorable core loss edges allow us to measure the 
spatial resolution of EELS at different energies. These measurements allow us to quantify 
the response function of several cations in oxide superlattices and to compare these 
values with Egerton’s empirical model. The results from the LMO-STO are combined 
with additional studies of a 2 × (SrVO3)/ 2× (SrTiO3) (SVO-STO) superlattice at 80 kV 
and the core loss edge of Sr L3 (~1940 eV) across the interface of LaAlO3-SrTiO3 (LAO-
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STO) for a systematic study of EELS resolution for two different electron voltages and 
different core losses. 
8.2 Experimental 
We measured the EELS spatial resolution on a LMO-STO short period 
superlattice reported in Refs. [38, 39], a SVO-STO superlattice, and a LAO-STO sample. 
The former two samples were grown by ozone-assisted molecular beam epitaxy, while 
the latter was grown using pulsed laser deposition [40]. The LMO-STO superlattices 
consists of both sharp and intermixed chemical interfaces as reported in Ref. [38]. After 
growth, cross sectional samples for electron microscopy were prepared by mechanical 
wedge polishing. The samples were cured to a clean glass slide with a thin layer of epoxy 
and wedge polished at a 1° angle. The samples were ion milled at 4.0 kV and fine 
polished for 20 minutes at 2.0 kV. Care was taken that a very thin epoxy layer remains on 
top of the superlattice during ion milling to ensure sample protection. In addition, we 
used low ion milling rates and a low angle to avoid overheating the sample. The samples 
were cleaned in a Fischione plasma cleaner and then transferred to the microscope. The 
LMO-STO sample was then beam showered over a large area for 45 minutes to reduce 
contamination originating from the microscope mechanical vacuum pump (this procedure 
was not applied to other samples). EELS was collected with a 200 kV JEOL JEM2200FS 
microscope equipped with  a CEOS 3rd order probe forming spherical aberration (Cs) 
corrector [3] and an omega-type spectrometer. EELS was also collected with the TEAM 
0.5 microscope operated at 80 kV, which is based on a double aberration corrected FEI 
Titan cubed with a CEOS 4th order probe forming Cs corrector and a Gatan Image Filter 
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(GIF) model Tridiem ER. At the optimal imaging conditions, the 200 kV microscope has 
been shown to be able to resolve Ga atomic columns spaced by 1.04 Å viewed along the 
[120] direction in GaN thin films and the EELS performance and probe characterization 
is reported in Ref. [41]. The TEAM 0.5 microscope at 80 kV has a probe size of ~1.5 Å 
at the optimal conditions.  
 For high quality ELNES, one needs a large electron dose, a long exposure time, or 
both. We used a probe current of ~165 pA for core loss EELS, a convergence semi-angle 
of 26 mrad, and a spectrometer collection semi-angle of 41 mrad for the 200 kV 
experiments (See Condition 3 in [41]). The TEAM 0.5 microscope was operated under 
similar probe currents and the spectrometer collection angle was set to 25 mrad for the 
SVO-STO sample and 60 mrad for the LAO-STO sample. Overall, these conditions 
achieve a good balance between EELS signal, energy resolution, HAADF spatial 
resolution, and image contrast. We used EELS line scans to collect high spatial and 
energy resolution ELNES. We preferred to acquire line scans instead of area scans as 
area scans have noisy spectrum features due to the requirement of very short integration 
times ( < 100 msec) per acquisition in order to reduce stage drift, whereas line scans can 
be acquired with longer integration times (up to 5 seconds) and yield higher quality EELS 
near edge structures. The linescans presented here are selected from those that showed 
the least drift measured by the pre-EELS and post-EELS STEM images and are 
background subtracted with a power or exponential law.  
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8.3 Results 
8.3.1 Ti L, Mn L, and La M Edges at 200 kV 
Figure 8.1 and 8.2 show two examples of EELS line scans across more than three 
superlattices periods (from S1 to S4 in Figure 1a and S1 to L3 in Figure 2a). We used an 
energy window of 430 eV to collect the Ti L2,3, O K, Mn L2,3, and La M4,5 edges 
simultaneously at a dispersion of 0.22 eV/channel. The spectra shown in both figures are 
background subtracted with a power law. The EELS spectra were recorded from thin 
sample area with thickness ranging from 0.3 - 0.5  (, mean free path of inelastic 
scattering). The power spectrum of the HAADF-STEM image recorded before EELS 
acquisition under the same microscope conditions has information to ~1.2 Å with the (3 1 
0) reflection clearly visible. The scan is vertical and downward in Figure 8.1; the scan 
path goes through the B-site (Ti and Mn) atomic columns of the perovskite structure. The 
EELS spectra in this case were acquired at the interval of 1 spectrum per 0.63 Å. In 
Figure 8.2, the scan is diagonal from point 1 to point 2; the scan path in this case goes 
through the atomic columns of both A sites (La and Sr) and B sites (Mn and Ti). The 
EELS spectra in this case were acquired at the interval of 1 spectrum per 0.9 Å. The 
EELS spectra in the two line scans are shown in Figure 1b and 2b as composite spectral 
images for the Ti and Mn L2,3 edges, O K edge and La M4,5 edges. The O K edge in 
Figure 8.2b was smoothed in the energy loss and spatial directions to highlight the major 
modulations in the spectra, including the prepeak increase in the STO films and the 
shifting of the second peak. The vertical axis of the composite maps is the scan 
coordinate in pixels and the horizontal axis is the electron energy loss. The Ti map shows 
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the characteristic double peak feature due to excitation to unoccupied Ti t2g and eg 
orbitals for both L2 and L3 edges. Figure 8.2b also clearly resolves the Mn L2,3 columns in 
between La M4,5 columns. The La and Mn columns are separated by a distance of 2.8 Å 
along the diagonal of the perovskite unit cell.  
 
Figure 8.1: An EELS line scan across the Ti and Mn B-sites of the superlattice. a) The 
HAADF-STEM image marked with a line showing the EELS line scan position. The 
image was acquired before the EELS line scan using the same electron probe for EELS. 
b) Sections of the EELS line scan spectra background subtracted with a power law for the 
Ti L2,3, O K, Mn L2,3 and La M4,5 edges. The vertical axis marks the scan position in 
pixels and the energy loss is displayed along the horizontal direction. The features in the 
images come from the ELNES of each edge, which are clearly resolved. c) the integrated 
edge intensity plotted as a function of the probe position for the Ti L2,3 , Mn L2,3 and La 
M4,5 edges. Parts of the experimental data were fitted using the pseudo Voigt function. 
The fitting results and individual peaks used for fitting are shown in full lines. 
 
The integrated edge intensity versus the probe position is plotted in Figure 8.1c 
for Ti L2,3 edges, Mn L2,3 edges, and La M4,5.  The edge intensity was integrated over a 
window of 42 eV for Ti, 17 eV for Mn, and 27 eV for La centered at their respective 
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edges. The line plotted is fitted to the experimental data using a mixture of Gaussian and 
Lorentzian functions in the form of the pseudo-Voigt function: 
( )( ) ( )
222
2 2
ln 2 2exp / 2 / 2 2ln 2 1 4
ay x a x aη η ππ
= − + −
+
, [1] 
where a is the full width half maximum (FWHM) of both the Gaussian and Lorentzian 
functions and η defines the relative contribution of the two functions.  The use of a 
Gaussian- like function for fitting experimental EELS signals is justified as long as the 
EELS signals are centrally peaked about the atomic columns and convoluted with the 
electron probe instability from scan coils, high voltage, objective lens drift, etc.  The 
fitting parameters were determined by the best fit. The La intensity profile in Figure 8.1 
consists of two peaks. For both Ti and Mn, the fitting shows two dominant peaks, and a 
smaller third peak indicating the mixing of the two elements in the column. In 
comparison, the spectra in Figure 8.2 were recorded in a middle region of the thin-film 
with a layering defect (L2 in Figure 2a with 3 LaO layers). A third peak is clearly 
observed in the La M4,5 edge intensity profile for L1 and L2 layers. Compared to the other 
two peaks, the third peak in L1 and L2 is weaker than the other two, suggesting a mixture 
of other atoms in these atomic columns. Since neither Ti nor Mn is detected in these 
columns, Sr is expected to mix with La on these interfacial atomic columns. The peak 
edge intensity changes somewhat depending on the probe position as evidenced in both 
Figure 1 and 2. The precise probe position cannot be determined independently in EELS 
line scans, even with simultaneous HAADF acquisition, which makes quantitative 
composition determination from line scans somewhat difficult. This difficulty can be 
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overcome in rapid two-dimensional area scans, where the position of an atomic column 
can be identified from simultaneous EELS and STEM maps with a better precision [27] if 
knock-on damage is prevented and if adequate signal is acquired for a reliable 
background subtraction. A combination of rapid 2D EELS area scans and line scans with 
a longer acquisition time will be powerful for both composition and electronic structure 
determination. 
 
Figure 8.2: An EELS line scan across the A- and B-sites of the superlattice. a) the 
HAADF-STEM image marked with a line showing the EELS line scan position across 
the A-B-A sites. The image was acquired using the same electron probe used for EELS. 
(b) Sections of the EELS line scan spectra with background subtracted with a power law 
for the Ti L2,3 , O K, Mn L2,3 and La M4,5 edges. The vertical axis marks the scan position 
in pixels and the energy loss is displayed along the horizontal direction. The spectra show 
that the spatial separation of 2.8 Å along A-B-A sites is resolved and used for identifying 
the layer sequence as indicated by dashed lines. The green arrows point to atomic 
columns with indication of mixing between Ti and Mn. c) A profile of HAADF-STEM 
image along the scan path showing the high contrast between atomic columns. d)  The 
integrated edge intensity plotted as a function of the probe position for the La M4,5 edge 
together with curve fitting results using the same procedure as in Figure 1. 
 
The information in Figure 8.1 and 8.2 allows an assessment of EELS signal 
delocalization of the Ti/Mn L2,3 edges and La M4,5 edge. In fitting the integrated edge 
intensities in Figure 8.1 and 8.2, we took the FWHM of the pseudo-Voigt function as an 
174 
 
adjustable parameter. The FWHM obtained from fitting is 4.1 Å for Ti L2,3 and 3.4 Å for 
Mn L2,3 edges in the vertical scan. For La, we measured the FWHM of 6.6 Å for the 
vertical scan (Figure 8.1) and 6.9 Å for the diagonal scan (Figure 8.2). The peak 
functions used for fitting Ti and Mn edge intensities used η = 0.9 and 0.5 respectively, 
and were selected based on the goodness of fit to the experimental integrated intensities. 
For the La M4,5 edge intensity profile, the best fit is obtained with the Lorentzian function 
(η=0). The long tail of the Lorentzian function accounts for the reduced contrast between 
the minimum and the maximum intensity in the La M4,5 edge intensity profile. The 
relatively large FWHMs obtained here are not limited by the electron probe size; the 
HAADF-STEM images obtained under the same microscope setting consistently have 
higher contrast (Figure 8.2c for example). We estimate the largest probe spreading by the 
FWHMs of La and Sr atomic columns in the STEM image, which scatter significantly 
more than Ti or Mn atomic columns. These are measured as 2.0 Å.  It should also be 
noted that the EELS acquisition time is significantly longer than what is used for STEM 
imaging; for each integration data point, it takes seconds for acquiring an EELS spectrum 
for ELNES study compared to a few tens of µs used for integrating the STEM image 
intensity. Thus, broadening from random noise in the electron beam position and drift of 
the stage during EELS acquisition contribute to a part of the measured FWHMs. 
However, this contribution should not exceed the smallest FWHM measured here, which 
is 3.4 Å for the Mn L2,3 edges. We selected the EELS linescans which have the lowest 
stage drift, on the order of 1 unit cell. The drift is typically greater in the direction parallel 
to the long axis of the side entry holder. In our case, we placed the specimen’s in-plane 
direction parallel to the long axis of the holder in anticipation for this drift. The EELS 
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spatial resolution observed here for Ti and Mn is also comparable to the resolution (3.8 Å 
and 3.6 Å FWHM for Ti and Mn respectively) seen by Muller et al. using a 100 kV 
aberration corrected STEM [27]. For La, Muller et al. attributed the lower contrast in the 
La M edge intensity profile to mixing of La in Sr atomic columns of SrTiO3 films based 
on Gaussian function fitting. The experimental results here show the La M4,5 edge has 
broad tails, which can be described using a Lorentzian function, rather than a Gaussian 
function. Thus, the delocalization of the La M4,5 edge is larger than expected. While the 
large FWHM of La M4,5 edges limits the resolution of two neighboring La atomic 
columns in EELS mapping, the Mn EELS signal between to La columns is separated and 
thus resolved from La within the resolution of the electron probe and delocalization.  
8.3.2 Low loss EELS at 200 kV 
 To study the EELS spatial resolution dependence on energy loss value, we 
examined the low loss regions of the EELS spectrum from the superlattice to compare 
with higher core energy loss edges. Figure 8.3 shows the top part of a low loss EELS 
scan taken through the entire  superlattice and part of the substrate at a spacing of 1 Å per 
integration point. For recording the line scan spectra, the semi-convergence angle of the 
electron beam was reduced to ~16 mrad and the probe current was reduced to ~16 pA, 
while the EELS collection angle was kept the same at 41 mrad. The STEM probe size is 
improved slightly over the conditions for core loss EELS (See Condition 2 in Ref. [41] 
for details). The STEM image taken prior to the EELS line scan under the same beam 
condition is shown in Figure 8.3a; the image intensity, dwell time, and number of image 
points were kept low intentionally to cover a large area in a relatively short time (The 
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entire line scan is greater than 100 nm and contains 1000 EELS spectra). The zero-loss 
peak is shown together with the plasmon losses in the range of -6 to 15 eV. There are two 
core loss edges visible in the low loss region; the Ti M2,3 and Mn M2,3, which overlap at 
the nominal energy loss values of 47 and 51 eV respectively as indicated in Figure 8.3b, 
and the La N4,5 with a nominal energy loss of 99 eV [42].  The intensities of the zero-loss 
peak and the dominant third plasmon peak are plotted in Figures 8.3c and 8.3d together 
with the integrated edge intensity for Ti M2,3 and La N4,5 edges for first 125 of 1000 
points of the EELS line scan starting from the epoxy above the superlattice. The energy 
windows used for intensity integration are specified in the figure. The zero loss peak 
intensity is relatively flat after an initial decrease, while the intensity of the third plasmon 
peak at 19-39 eV energy loss shows a gradual increase for pixels between 20 and 125. 
Both profiles show small fluctuations on the scale of a unit cell, which are most likely the 
result of elastic scattering with the difference in the electron probe on or off the atomic 
columns. Two individual EELS spectra in Figure 3b show slightly more intense plasmon 
peaks in the STO than in LMO. The core loss edge intensity profile from the energy 
range of 39-74 eV complements the profile of La N4,5 edges, and is stronger in the STO 
substrate, which suggest that the intensity comes mostly from Ti M2,3. The edge intensity 
profile is fitted using the pseudo-Voigt function; The FWHM obtained is 10.1 Å and 8.1 
Å for Ti M2,3 and La N4,5 edges respectively, as shown in Figure 3e and 3f. For these 
edges, the atomic columns at Ti and La sites are no longer resolved between unit cells as 
was possible for the Ti L2,3 and La M4,5 edges. This is consistent with the Egerton’s 
model, which predicts more delocalization with decreased energy loss. 
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Figure 8.3: Low energy loss scan of top of the superlattice. a) the spectra around the zero 
loss showing plasmon peaks. The spectra was obtained along the line indicated in the 
STEM image and from an area where the specimen thickness increases from 0.3 – 0.4 
mean free paths in thickness. The core loss Ti M edge and La N edge are also resolved 
between the LMO and STO layers separated by ~8 Å. Plasmon oscillations within each 
film are separated by ~4 Å and are elastic in nature b) A comparison between the low 
loss spectra of STO and LMO layers in the superlattice between 0 and 60 eV. c) The zero 
loss peak oscillates due to the probe moving on-column and off-column. d) The 
oscillations of the third plasmon peak are shown. The mean plasmon intensity rises as the 
specimen thickness increases through the EELS linescan. (e) and (f) Fitting of the Ti M2,3 
and La N4,5 edges to a pseudo Voigt function. 
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8.3.3 Ti, Vn, and Sr L edges at 80 kV 
 To examine the electron voltage dependence, we performed similar experiments 
on a 2 x 2 SVO-STO sample at 80 kV. Atomic scale EELS is very useful for studying 
this superlattice since the Z-contrast is too weak to distinguish SVO from STO. Figure 
8.4 shows the background subtracted Ti L2,3 and V L2,3 edges and the fit to the integrated 
edge intensity. The edges were background subtracted from 425.2 to 450.7 eV and 492.2 
eV to 507.6 eV, respectively. The integrated intensity windows were 454.9 to 467.9 eV 
and 511.5 eV to 526 eV, respectively. For this particular superlattice, there is clearly 
intermixing of Ti and V at the B-site of the perovskite unit cell from the EELS line 
profiles. The fit was obtained using a η=0.6 mixture. The integrated line profiles show 
similar contrast between Ti and V atomic columns in the superlattice. The measured 
FWHM of for Ti L and V L edges at 80 kV are 3.8±0.2 and 3.9±0.2 Å, respectively.  The 
errors given here are estimates from variations of fit to different parts of the EELS line 
scan. 
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Figure 8.4: 80 kV linescan through the SVO-STO superlattice. (a) HAADF image of the 
superlattice. (b) Sections of the EELS line scan spectra with background subtracted with 
a power law for the Ti L2,3 , V L2,3 and O K edges. The O K edge uses the same 
background window as the V L2,3 edge. (c) The integrated intensity is fit with a mixed 
60% Gaussian and 40% Lorentzian function. 
 
 Additionally, we also measured a Sr L3 edge line profile acquired at 80 kV 
through an interface of LaAlO3 film grown on SrTiO3. The film was previously studied 
by EELS and other techniques in Ref. [40] and Figure 7.6 and we use the same linescan 
shown in that reference for data analysis. The EELS line profile was processed with 
principal component analysis (PCA) to reduce some of the noise in the spectra. The 
measured FWHM of the Sr L3 edge at 1.9 kV is 3.7±0.2 Å.  
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8.4 Discussion 
Our results show that the EELS signals recorded using large collection angles are 
peaked at atomic columns and they can be fitted using a combination of Gaussian and 
Lorentzian functions.  This allows a quantification of the spatial resolution of EELS line 
scans acquired from typical sample thicknesses. The results of our measurements are 
summarized in Figure 5, where the FWHMs of the best fit pseudo-Voigt functions are 
plotted as a function of the electron energy loss. The figure also includes the FWHM 
measured from the La N2,3 edges at 200 eV, which was obtained using the same 
procedure as other core losses reported here. There is a clear decrease of the measured 
FWHMs as the energy loss increases with the exception of the La N4,5 and La M4,5, edges. 
At 200 kV, the smallest FWHM measured is 3.4 Å for the Mn L2,3 edges, while the 
FWHM obtained from the HAADF-STEM image, assumed to be the effective probe size 
through the Sr and La atomic columns, is 2.0 Å. (We note that the FHWM of the Ti, V, 
and Mn atomic columns in the STEM image is smaller). The FWHM of atomic columns 
in the recorded STEM images measures the average electron probe size through the 
specimen, including probe broadening and random scan coil noise. Figure 5 also plots the 
impact parameter as a function of the energy loss at 200 kV as described by Egerton for 
the diameters of d50 with 50% of inelastic intensity and d76 with 76% of inelastic intensity 
(d76 = 0.9 /<>). d76 was chosen because it is the FWHM of a Gaussian function. These 
impact parameters are calculated based on the assumption that the localization of inelastic 
scattering is inversely proportional to the median inelastic scattering angle [28]. The 
impact parameter does not take account of the probe diameter. It also assumes a 
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sufficiently large collection angle and a very thin specimen that avoids multiple 
scattering. If we take the average electron probe size in the sample as the FWHM of 
atomic columns in the HAADF-STEM image, then the convolution of the probe size and 
d76 yields a good fit to the experimental data acquired in the vertical direction except for 
the La N4,5 and La M4,5 edges.  The deviation of the La edges from the impact parameter 
model is likely due to combination of the strong localization of inelastic scattering at 
higher energy losses and the strong elastic and phonon scattering at heavy atomic 
columns, which scatters electrons away from the atomic columns [17, 33-35]. The extent 
of elastic or phonon scattering is thickness dependent and can be reduced using very thin 
samples. The thickness of samples studied here is mostly between 0.3 and 0.5 mean free 
paths. Thus, Figure 5 represents the practical EELS spatial resolution that can be 
expected for specimens of typical thicknesses used for EELS analysis.  
 
Figure 8.5: Experimental measurement of EELS spatial resolution at 200 kV taken as the 
FWHM are plotted with Egerton’s d50 and d76 models. A d76 model accounting for the 
finite probe size matches well with the Ti and Mn L2,3 edges experimentally. La edges 
differ from the model due to strong elastic scattering at the atomic columns.  
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 The spatial resolution achieved in the experimental EELS scans does not appear 
to be strongly related to acceleration voltage in agreement with Egerton’s model [28]. The 
measured FWHMs for the Ti and V L edges are similar within the experimental error at 
~3.9 Å at 80 kV. For the same EELS collection angle, the impact parameter reduce 
slightly with increasing electron energy loss from the relativistic correction to the 
electron wavelength. We expected the EELS FWHMs at 80 kV to be larger than these 
measured at 200 kV based on the smaller collection angle used. The somewhat smaller 
FWHM at 80 kV for Ti L edges suggests that other factors, especially instrument 
stability, also contributes significantly to the measured FHWM. The TEAM 0.5 
microscope is more stable during EELS acquisition than the JEOL2200FS microscope 
due to remote operation, reduced stage drift, and constant current lenses. The FWHM of 
the Sr L3 edge measured as 3.7±0.2 Å at 80 kV is also larger than the 2.6 Å spatial 
resolution calculated using d76 convoluted with the 2.2 Å FWHM measured from the Sr 
atomic columns in recorded STEM images and 60 mrad semi-collection angle. The 
deviation is expected for the same reasons as in the case of La, except the difference here 
is smaller due to the smaller scattering cross section of Sr compared to La. 
8.5 Conclusion 
We have quantified the EELS spatial resolution for the Ti M2,3, La N4,5, La N2,3, Ti 
L2,3, Mn L2,3 and La M4,5 edges in a 2×LaMnO3/2×SrTiO3 superlattice. We used EELS 
line scans  to map the electronic structure and composition of a superlattice with a high 
signal to noise ratio. The spatial resolution of EELS is clearly limited by delocalization of 
the scattering rather than the probe size for aberration corrected STEMs. For heavy 
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atomic columns such as La, the EELS signal is more delocalized than Egerton’s model 
predicts. When the EELS signals are separated by energy as in the case of Mn and La, 
their distance can be determined with an accuracy close to 2 Å The localization could be 
slightly improved by using thinner specimens a larger EELS collection angle for the same 
probe size, and improved stage and scanning beam stability.  
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CHAPTER 9 
CONCLUSIONS AND OUTLOOK 
 
This chapter summarizes the results we have obtained for several oxide 
superlattices and thin films, as well as electron microscopy technique advancement. 
Some of future directions in the oxide thin films and electron microscopy research fields 
are discussed following the summary of research results 
9.1 LaMnO3-SrMnO3-SrTiO3 Superlattice 
 In the LaMnO3-SrMnO3-SrTiO3 multilayer superlattice, we observed shifts in the 
O K edge that were dependent upon the LaMnO3 thickness using an uncorrected JEOL 
JEM2010F field emission microscope. We also see valence changes measured by the Ti 
L edge at the interfaces of SrTiO3 and SrMnO3 dependent upon the thickness of the 
respective films. The EELS spectroscopy is sensitive to individual unit cells in the 
superlattice, even though the probe size is several Å in diameter. We did not observe 
changes in the Mn L edge in the LaMnO3 and SrMnO3 films, which would have indicated 
a valence change. This change may be observable using a microscope with higher energy 
resolution, such as a dedicated STEM with a cold field emission gun. We also could not 
resolve two La atomic columns separated by ~4 Å EELS. The work here lays the 
framework for improvement in both STEM imaging and EELS spectroscopy for 
aberration corrected STEM. 
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9.2 LaMnO3-SrMnO3 Superlattice 
 Our work shows the presence of interfacial states above the onset of the O K edge 
confined to sharp interfaces of a LaMnO3-SrMnO3. The interfacial states are suppressed 
at the rougher interfaces of SrMnO3-LaMnO3. The detection of these interfacial states is 
mapped in real space and requires the fine electron probe made available with an 
aberration corrected STEM. The structural investigation with STEM and electron 
diffraction revealed asymmetries in sharpness profiles at the two interfaces. The 
roughness asymmetry was driven by the non-integer ratio of La/Sr used in growth. The 
interfacial roughness also appears to be a strain relief mechanism to accommodate the the 
non-integer ratio of La/Sr. Overall, the film is free of misfit dislocations. Finally, the 
comparison of EELS and XAS shows good agreement for the Mn-L edges from the two 
techniques, which rules out any significant sample damage from the TEM specimen 
preparation and electron beam. 
9.3 Strain in LaMnO3-SrMnO3 Superlattice  
 The structural investigation of superlattices with LaMnO3 films reveals that 
LaMnO3 transforms from tetragonal to orthorhombic at a critical thickness of 5 - 6 unit 
cells or greater in coherent superlattices. When the thickness of the LaMnO3 films is 4 
unit cells or less, only tetragonal reflections are observed in electron diffraction patterns.  
9.4 LaMnO3-SrTiO3 Superlattices 
 In a short period LaMnO3-SrTiO3 superlattice, we examined the O-K edge of 
individual Ti and Mn atomic columns and Ti-L edge at atomic resolution. We observed 
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an EELS chemical shift of 0.22 eV in SrTiO3 ultrathin layers relative to the bulk SrTiO3 
substrate, which indicates a band alignment due to electron transfer from LaMnO3. We 
also observed sensitive changes and difference in the pre-peak of the O K edge for Ti-O 
atomic columns between LaO and SrO layers and between the two SrO layers. The 
difference is observed for the O-K edge on Mn-O atomic columns between LaO and SrO 
layers and between the two LaO layers. These changes indicate interfacial charge leakage 
from MnO2 to TiO2 layers. The results also shows that EELS in the aberration corrected 
STEM could be used to map out electronic states at very high spatial resolution. 
9.5  LaAlO3-SrTiO3 Interfaces 
We investigated LaAlO3 films grown on <100> SrTiO3 by pulsed laser deposition. 
Two samples by two different growth groups were grown under conditions that led to 
high interface conductivities. We investigated the interface sharpness using aberration 
corrected STEM, EELS, and nanoarea electron diffraction. Both STEM and EELS 
showed direct evidence that the interfaces are not atomically abrupt. There is 
interdiffusion of La, Sr, and Ti across the interface. Al interdiffusion is difficult to detect 
because the EELS edges have low cross sections for excitations, and the image contrast 
of light elements such as Al is weak relative to elements with a higher atomic number. 
EELS near edge structures of the Ti and O K edge reveals the Ti valence is close to 4+ at 
the interface and in interdiffused Ti cations. This is different from previous studies which 
measured or assumed a mixed 3+/4+ valence due to electron charge transfer from LaO 
layers into the neutral TiO2 terminated layer. Electron diffraction shows misfit 
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dislocations in one of the samples appears to increase the interdiffusion distances of 
cations. 
9.6 EELS Spatial Resolution 
 We measured the EELS spatial resolution in aberration corrected STEM at 80 kV 
and 200 kV acceleration voltages. We compared these values to the Egerton model, 
which was predicted before aberration corrected microscopes were available. We find the 
spatial resolution of light to medium atomic number elements matches well with the 
Egerton model, when we account for finite specimen thickness and finite probe size. 
Heavy atomic columns such as La and Sr have a large delocalization diameter, and differ 
from the Egerton model. We show atomic scale EELS can be performed for energy losses 
greater than ~ 400 eV. We quantified the practical spatial resolution in a number of EELS 
edges.  
9.7 Outlook for the Future 
 There is much to learn in the epitaxial oxide field. Materials such as LaMnO3-
SrMnO3 and LaAlO3-SrTiO3 show enhancement of properties such as magnetic ordering 
and conductivity. These properties may be further enhanced by changes in growth 
parameters, growth method, and substrate type. The characterization with aberration 
corrected STEM, EELS, and NED are essential tools to investigate the materials and 
interfaces with atomic resolution precision. These techniques complement other methods 
such as XRD, XAS, neutron diffraction, scanning probe microscopy, etc. Atomic 
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resolution studies were key in understanding the interfacial properties from a structural 
and electronic point of view. 
In this dissertation, we measured the spatial resolution of EELS performed with 
aberration corrected electron probes for samples of suitable thickness for such study, and 
demonstrated changes in electronic structure at the atomic scales. These techniques can 
be applied to a number of materials systems, if artifacts such as electron beam damage, 
sample alteration by TEM specimen preparation, and imaging and EELS collection 
artifacts are understood and avoided. These are critical issues which affect all aspects of 
electron microscopy data interpretation, and will continue to be important in the future. 
Newer microscopes may have more advanced aberration correctors with larger 
convergence angles for STEM. This may lead to imaging and spectroscopy artifacts, 
which must be investigated and understood. Two-dimensional mapping will be helpful 
for quantitative analysis of chemical compositions at interfaces. The ability to control 
temperature in the aberration corrected STEM, especially at low temperatures where 
electronic and magnetic phases dominate, will be critical in the future for study interfacial 
electronic structures. 
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APPENDIX A 
CROSS SECTIONAL SPECIMEN PREPARATION FOR HIGH RESOLUTION 
ELECTRON MICROSCOPY 
 
 In this appendix, we discuss the detailed methods used to prepare TEM 
specimens. 
 
A.1   First Cut 
1.  A microscope slide is first cleaned with acetone, ethanol, and dried with nitrogen gas. 
The slide is placed on a hotplate and heated to 150 – 160 °C. Crystal bond is melted onto 
the center of the glass slide, and the wafer is placed film side facing down onto the slide. 
The crystal bond must completely cover both sides of the wafer. 
 
 
Figure A.1: The sample ready for cutting. A moderate amount of crystal bond is use to 
cover the film side (facing down) and the backside (facing up). 
 
2.  The slide is mounted onto a low-speed diamond saw, with the wafer along aligned 
along the [010] zone axis relative to the blade. The blade is sharpened with a graphite 
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block to ensure sharpness during the cut, and adequate cutting fluid covers the cutting 
edge of the blade.  
 
Figure A.2: Sample mounted on diamond saw. The sample is exactly parallel to the 
blade. 
 
3.  With the blade rotating at 20 rpm, the arm is gently lowered until the sample touches 
the blade. The crystal bond on the backside of the wafer will guide the blade and 
minimize wobbling. 
4.  Additional cuts are made so the width of the slice is ~ 1.7 mm. 
 
 
Figure A.3: Wafer after several cuts. The pink fluid is cutting fluid, which is removed in 
acetone. 
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5.  After several slices are cut, the slide is placed onto the hotplate. The crystal bond is 
melted and the slices are cooled in air. After cooling, the slices are placed in acetone for 
~5 minutes until the crystal bond is fully dissolved. The slices are then cleaned in ethyl 
alcohol and dryed with filter paper.  
 
Figure A.4: The pieces after cutting and cleaning. The strips should be ~1.7 mm wide. 
 
A.2    Cure Epoxy 
To protect the sample during polishing and ion milling, a cover glass or another substrate 
is bound to the film side of the wafer with an epoxy. The epoxy must be thinner than 1 
um and must be free of air bubbles. Air bubbles will cause glass-sample separation after 
polishing, so it important to clean the protection glass and sample so dust or other 
particles do not get cured in the epoxy. 
1.  A coverglass slide is broken into several small pieces. Fisher Scientific Fisherbrand 
Rectangles No. 2 type cover glass slides were found to polish and ion mill at the same 
rate as SrTiO3 and are recommended for this purpose. The sample and cover glass pieces 
are cleaned in acetone and ethanol. 
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Figure A.5: Break a piece of cover glass approximately the size as in the figure. 
 
 
2.  The round end of a toothpick is inserted into the epoxy and touched onto the front side 
of a sample slice. The M-bond should spread across the whole surface of the strip sample. 
3.  The sample is quickly flipped over and the slice is pressed onto the glass. The sample 
must not slide across the glass surface, as this will cause the formation of air bubbles. 
4.  A medium sized binder clip presses on both sides of the glass-sample sandwich to thin 
the epoxy line thickness, with a piece of aluminum foil both sides of the sandwich to 
prevent any spread epoxy from curing to the binder clip. 
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Figure A.6: (a) Appropriate sized binder clip and aluminum foil strips. (b), (c), and (d) 
Front, angle, and side views of the sample and aluminum foil tightly squeezed with a 
binder clip. The foil prevents excess epoxy from curing the sample to the binder clip. The 
sample should be centered as best as possible for even pressure. 
 
5.  The binder clip is placed in the oven and cured for ~4 hours at 110 °C.  
6.  After curing, the sandwich is inspected for air gaps. If airgaps are found, the sample 
will not be useful. 
 
Figure A.7: Samples after curing. The sample on the left has airgaps. The glass and 
sample will separate upon polishing. The sample on the right has only a tiny airgap on the 
edge. This portion can be polished off.  
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A.3   Second Cut 
1.  The slices are cut into ~1.5 mm x 1.7 mm pieces, and the excess glass is broken off by 
a tweezer or polished off. The sample is cleaned in acetone and ethyl alcohol. 
~ 1.3 x 1.7 x 1.0 mm
Airgaps we’d
like to avoid
 
Figure A.8: Note the size of the sample cut. Cut a rectangle shape rather than a square if 
orientation is important. The air gaps in this sample were not detrimental but should be 
avoided if possible. 
 
2.  An individual sample is mounted with crystal bond onto an Allied TEM/wedge 
sample holder with the glass-film interface exactly perpendicular the flat polishing 
holder, and the glass end close to the edge of the holder. 
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Figure A.9: Silicon sample mounted onto a polishing holder. The sample should be 
mounted as close to the top edge as possible. 
 
 
A.4   First Polish 
The sample should now be ~ 1.5 mm thick. The first side of the sample will be flat 
polished until the surface roughness is less than 1 um. The same procedure will be 
followed on the second side except the sample with be wedge polished at an angle and 
the final thickness will be ~12 – 15 um. 
1.  First the Allied High-tech Multiprep is aligned such that the plate wobble is 
minimized. The  is set to load to ~200 – 250 grams, and the arm oscillation is adjusted so 
the head swings from about an inch from the edge of the plate to about 0.5 inches from 
the center.  
2.  The plate is covered with water, and a 30 um diamond lapping film is pressed onto the 
plate and with a squeegee to remove excess water and air bubbles. The plate rotation is 
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set to 75 rpm and the head oscillation is started. The water remains on during polishing to 
cool the sample. 
3.  The head is lowered until the sample first makes contact. A paper towel or tissue 
paper is pressed onto the lapping film to remove the line of polished material. This will 
keep the lapping film clean and protect the sample from excessive scratching. The head is 
advanced in 10 um increments or continuously until 200 um of the sample is polished 
away. 
 
Figure A.10: A paper towel or tissue is pressed onto the lapping film to continuously 
remove the polished material. 
 
4.  The 15 um, 9 um, and 7 um lapping film are used to remove ~100 um, 50 um, and 30 
um, respectively.  
5.  The 1 um diamond lapping film is used to polish off ~10-20 um of material. The load 
is reduced to 100 grams and the rotation speed is reduced 30 rpm in order to polish 
smoothly to a fine finish. Bhueler metadi fluid or another diamond extender is used as a 
coolant rather than water to avoid friction. 
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6.  After polishing with the 1 um lapping film, the sample is inspected visually. If there 
are no scratches seen by eye, the sample is observed in an optical microscope at ~ 300X 
magnification. If deep scratches are seen, Polish off an additional 5 – 10um. Fine 
scratches caused by the 1 um lapping film should still be visible. If the thickness of the 
epoxy is resolvable, it is thicker than 1 um, and the sample should be abandoned. Once 
you see only fine scratches and a glue line with no resolvable thickness, proceed to the 
next step. 
7.  The load is adjusted to 0 grams for minimum pressure. The 0.1 um lapping film is 
affixed to the plate and a small amount of Allied Blue Lube is placed on top of the 
lapping film. The rotation speed is adjusted to 20 rpm, and the sample is polished for ~2 
minutes, or until all scratches are removed.  
A.5 Second Polish 
1.  The sample is dissolved off the holder in acetone and attached with superglue. The 
superglue is recommended as it holds the sample stronger and does not hold lapping film 
above the glass edge of the sample. The recipe in table A.1 is followed and the sample 
thickness is measured after each lapping film change. 
Table A.1: Polishing recipe for the second side of cross sectional oxide specimens. 
Use this lapping 
film grit size 
Remove this much 
Material 
Final Thickness RPM / Load 
30 um > 700 um 300 um 75 / 200 g 
15 um 100 um 200 um 75 / 200 g 
9 um 50 um 150 um 75 / 200 g 
6 um 50 um 100 um 75 / 200 g 
3 um 50 um 50 um 50 / 200 g 
1 um 20 um 30 um * 30 / 100 g 
* Use Bhueler Metadi fluid instead of water for 1 um grit size. Polish until 30 um 
thickness for a 1 mm  thick wafer.  
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2.  Once 30 um thickness is reached, the micrometer on the sample head is adjusted so 
that the sample is polished at a wedge angle of 1°. Make sure the load is 100 g and 
rotation speed is 30 rpm.  
3.  The polishing continues until wedge line reaches the back of the sample. The sample 
thickness is observed in an optical microscope at 300X magnification. The desired 
thickness at the glass-sample interface is 12 – 15 um after the 1 um diamond lapping film 
polish. 
4.  Once the desired thickness is reached, the sample is polished with 0.1 um lapping film 
until all scratches are removed. Typically about 1-2 um of sample is polished during this 
step.  
5.  The sample is intentionally scratched with a dry 3 um lapping film to form fine 
surface scratches across the glass-film interface. This will allow for the perforation of 
many multiple thin regions during ion milling, rather than a maximum of two thin regions 
in a scratch-free specimen. 
A.6   Mount and Cure Grid 
1.  The sample and holder are wetted with acetone to remove most of the superglue from 
the sides. The sample is then cleaned with ethyl alcohol. 
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Remove this superglue
 
Figure A.11: Remove the superglue from the 3 green regions. 
  
2.  A clean Molybdenum grid is picked up with an anti-closing tweezer and set it aside. 
3.  A toothpick is broken such that such that a thin semi-flat region is formed. The flat 
region is dipped into the epoxy to pick up a small amount of epoxy (not dripping).  
4.  The toothpick is touched to the bottom of the Molybdenum grid to transfer a small 
amount of epoxy to the grid. The spot of epoxy should appear dry to the eye. If it is  drop 
sized or appears wet, the epoxy will spread over the entire sample or may permanently 
bond to the sample holder. The excess epoxy must be wiped or dissolved off. 
5.  The grid is brought into contact with the bottom of the sample and centered around the 
glass-sample interface. The grid must be centered  well for the ion milling beam 
alignment. 
6.  When the grid is centered properly, the grid is press down with force so that the grid is 
parallel to the sample. 
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1 mm
1 mm
1 mm Grid centered on 
glass-film interface 
Appropriate
size of M-bond
before curing  
Figure A.12: Grid Centered on sample showing how much M-bond one should use. 
 
7.  The sample and holder are cured onto a hotplate and cure for 30 minutes at 175 °C. 
8.  After curing, the sample is slowly cooled and then placed in beaker with acetone to 
dissolve off the remaining supterglue. 
9.  After several hours, the sample is lightly pushed off with a sharp tweezer and freely 
falls to the bottom of the beaker. The sample is then transferred to an acetone and ethyl 
alcohol for the final clean. 
10.  After drying the specimen with filter paper, the specimen is stored until in inert 
atmosphere such as an Ar glovebox or a desiccators until ion milling is performed. 
A.7   Ion Mill 
These procedures differ from the standard procedures by the manufacturer of the Gatan 
Precision Ion Polishing System (PIPS). The goal is to reduce the beam current so the 
sample does not heat significantly during ion milling. 
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1.  The PIPS is aligned with the standard procedures at 4.0 kV, except the beam current is 
set to below 20 uA for both guns. Normally the beam current can reach 40 uA or greater. 
2.  The sample is inserted and ion milled in single modulation mode at 8° from the top 
and bottom. 
3.  During ion milling, the specimen should be observed frequently, especially when the 
glass is etched off. The sample should be removed from the Pips and observed it in a high 
magnification optical microscope. When the specimen is thinner than 1 um, there will be 
several sets of optical fringes at the thin region. The specimen should be ion milled in 
several 1-2 minute increments until a small perforation is observed into the film side of 
the substrate. Note that 5 minutes over ion milling can destroy most of the thin regions, 
so the specimen must be checked after each 1-2 minutes of ion milling for perforation. 
The specimen is finished milling at 4.0 kV when there are see 7-8 sets of color fringes. 2-
3 of these fringes will be deep blue or black colored.  
4.  The specimen is then fine polished to remove the damage caused by 4 kV ions. The 
voltage is lowered to 2.0 kV and the specimen is ion milled for 20 minutes. 
Protection glass
Usually this glass
is millled away from
Ion milling, leaving behind
a left and right piece of glass.
Sometimes,
these pieces
fall off 
during 
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Figure A.13: Specimen in the correct position for ion milling. The half elipse shows a 
schematic of how the glass is ion milled. 
